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Abstract 

Printed electronics and microfluidics are two emerging and developing 

technologies with the common attractive feature of scalability. Advancements in 

fabrication capabilities have evolved research questions from, “What can we build?” to, 

“What should we build?”. This work focuses on the combination of these two technologies 

and their application to biosensing. The motivating theme is to understand how integrated, 

functional materials interact, elucidate the underlying molecular phenomena, then utilize 

the emergent advantages to address the outstanding limitations of conventional biosensing 

strategies.  

Printed electronics have recently been applied to biological detection with a variety 

of techniques1 while microfluidics, since their inception, have been used to handle 

biological fluids.2 The work presented here outlines a patented sensing strategy based off 

Floating-Gate Transistors (FGTs). The FGT design physically separates the electronic 

materials and biological fluids and thus bypasses various compatibility obstacles limiting 

other next-generation sensor technologies.3 The specific changes in interfacial properties 

that lead to robust signal transduction are derived empirically.4 This is followed by a 

mechanistic investigation into the molecular origin of sensor operation when FGTs are 

used in biomolecular detection. Finally, the versatility and scalability engendered by facile 

prototyping of FGTs is exemplified by successful iterations to DNA,3 ricin,5 and gluten 

proteins.  

The first proof-of-principle experiments incorporated printed electronics with an 

elementary biological system of DNA oligonucleotides. The results successfully 
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demonstrated the potential of FGTs but failed to solidify their concrete value. Systematic 

investigation into the complex dynamics at the interface of chemically functionalized 

electrodes and electrolytes uncovered the most attractive features of the FGT technology. 

The chemistry was tuned with molecules that range in complexity from simple, short-chain 

alkyl-thiols to reversible protein-protein interactions. The observed responses with well-

controlled systems were generalized to real systems like protein capture in food matrices 

(e.g. ricin in milk, orange juice). The resulting versatility originated from the label-free, 

electronic sensing mechanism and opened a range of possibilities for FGTs’ impact. 

The fundamental insights into interfacial dynamics, device operation, and 

biomolecular interactions were made possible by the advancements in the materials science 

and fabrication techniques underlying the presented results. Future avenues of 

development are hypothesized along with the most promising strategies. The continued 

elucidation of the physical mechanism and engineering upgrades justify the proposed 

strategies and inspire the continued effort to fully realize the potential of FGT biosensors. 
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1. Introduction 

Printed electronics and microfluidics are two actively researched technologies to 

uncover fundamental physical insights6,7 and to expand their practical advantages for 

commercially driven applications.8,9 They are attractive due to their manufacturing 

scalability10 and prototyping flexibility2 and have been adopted into applications ranging 

from energy conversion11 to personal healthcare.12 However, researchers have not yet 

realized the full capabilities of their technical values due to challenges in material design 

and device fabrication.10,13 The crux of this thesis seeks to combine these two seemingly 

orthogonal technologies and utilize them to positively impact the sensing sector.  

The innovative combination presented is based on a floating-gate transistor (FGT) 

strategy shown schematically in Figure 1.1. The geometry exploits the low-voltage 

performance of printed electronics and the precise fluid handling of microfluidics while 

conserving their scalability.14 FGTs physically separate the biological fluids in the 

microfluidics from the electronic materials thus bypassing many of the compatibility and 

material constraints inherent to next-generation sensor design. The use of electrolyte 

Figure 1.1: Schematic of Floating-Gate Transistor Sensing Platform.  
The microfluidics are physically separated from the printed electronics and the floating-

gate/aqueous interface is functionalized with capture molecules so that analyte binding 

perturbs the interfacial properties of the floating gate. 
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dielectrics further expands the geometries available for FGT construction but also presents 

unique and novel mechanistic operation of molecular transduction.  

The inherent amplification properties of transistors15 and the sensitivity of device 

output on interfacial properties permit the FGT strategy to transduce molecular binding 

without the use of secondary binding agents.16 Bypassing this step cuts down the time to 

operate the sensor and presents a major feature for sensor application. Furthermore, the use 

of microfluidics mitigates the time for molecular binding due to the elimination of mass 

transport limitations by incorporating flow.17 The rapid transduction permitted by FGTs 

serves as the principal advantage of this technique compared to conventional techniques. 

In contrast to other next-generation sensors, the FGT technique conserves the facile 

operation and automatability of electronics and microfluidics enabling the technique to be 

readily adopted to sectors with limited technical expertise often referenced as “field-ready” 

applications.18 These features stem from systematic investigation into the operating 

principles and physical properties of the novel materials that are discussed in detail in this 

thesis. The results provide valuable scientific insight into emerging materials and highlight 

remaining obstacles to realizing their potential capabilities. 

1.1 Thesis Overview 

 The following chapters are organized as follows. Chapter 2 begins by putting the 

work in proper context by surveying the conventional sensing techniques and the 

motivations behind their continued development. It then provides a brief background on 

the fundamental operating principles of printed electronics and the experimental methods 

to fabricate the devices. This is meant as an introduction to the more in-depth discussions 

in the subsequent chapters.  
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 Chapters 3 through 6 present my experimental results and associated discussions, 

all of which are published3–5 or soon-to-be published in scientific journals. Chapter 3 

discusses the first version of the FGT technology applied to the detection of DNA 

oligomers. The work demonstrated the feasibility of the sensing strategy and serves as a 

“proof-of-principle” for the FGT biosensing strategy. DNA was successfully detected 

quantitatively and showed good selectivity to mismatched DNA but the performance 

demonstrated that the version was not optimized to its full potential. The results presented 

in this chapter have been published as “Label-Free DNA Sensing Platform with Low-

Voltage Electrolyte-Gated Transistors” by White, S.P., Dorfman, K.D., and Frisbie, C.D. 

in the journal Analytical Chemistry 87.3 (2015): 1861-1866. 

 Chapter 4 explores the operating and sensing mechanism of the FGT technology in 

depth. The experimental platform mimics that used to detect DNA but with well-

understood materials in lieu of complex biological molecules. The same ion-gel material 

was used to capacitively couple a floating gate electrode to both the transducing 

semiconductor and the externally controlled control gate (CG). The interfacial area 

between the ion-gel and electrodes were systematically varied to empirically determine the 

sizes that would lead to a desired operation. We constructed a simple lumped capacitor 

model with a correction factor to explain the discrepancies between the observed results to 

those predicted from the simple model.  The origin of the observed hysteresis was discussed 

with applications to the broader printed electronics community. In the next stage of the 

experimental work, the chemistry of the interfaces was tuned with self-assembled 

monolayers (SAMs) to control the work functions of the electrodes and connect them to 

the measured output of the device. We found that the changes in the measured output 
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depend on both the chemical changes to the work function and the changes in capacitance 

due to SAM thickness. The results allow for more intelligent and sophisticated optimization 

of the FGT platform for improved sensing applications. The work is published as 

“Operating and Sensing Mechanism of Electrolyte-Gated Transistors with Floating Gates: 

Building a Platform for Amplified Biodetection” by White, S.P., Dorfman, K.D., Frisbie, 

C.D., in the Journal of Physical Chemistry C 120.1 (2016): 108-117. 

 Chapter 5 uses the lessons learned from Chapter 4 to improve the FGT sensor and 

apply it to the protein ricin. The electrode areas were turned for optimal performance and 

functionalized with DNA aptamers from the Sreevatsan Lab at the University of 

Minnesota. The biological fluid was delivered with a microfluidic system that was designed 

to rapidly deliver the solution to the functionalized surface and prevent it from fouling or 

contaminating other areas of the sensor. Ricin was successfully transduced when it was 

dissolved in buffer, orange juice, and milk demonstrating the flexibility and versatility of 

the platform to complex media and food matrices. Compared to the DNA sensor, the ricin 

sensor has a 100x improvement in detection limit with a reduction in the transduction time. 

The work is published as “Rapid, Selective, Label-Free Aptameric Capture and Detection 

of Ricin in Potable Liquids using a Printed Floating Gate Transistor” by White, S.P., 

Sreevatsan, S., Frisbie, C.D., and Dorfman, K.D. in ACS Sensors 1.10 (2016): 1213-1216. 

 Chapter 6 expands the capabilities of the FGT platform to gluten detection by 

utilizing the inherent multiplexability of printed electronics and microfluidics. It 

incorporated both DNA aptamers and antibodies to capture gluten from wheat and barley 

in a complex extraction matrix. The resulting signal from the set of FGTs properly 

identifies gluten below the regulatory limit in a manner that quantitatively depends on the 
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specific gluten source. The latter feature allows a given sample to be over analyzed with 

multiple FGTs in parallel so that a “signature” can be generated and used to improve the 

accuracy of the measurement. The work will soon be published as, “Detection and Sourcing 

of Gluten in Grain with Multiple, Tunable Floating-Gate Transistor Biosensors” by White, 

S.P., Frisbie, C.D., and Dorfman, K.D. in ACS Sensors.  

 Chapter 7 discusses future directions of the work and the remaining obstacles that 

need to be overcome to fully realize the potential benefits of FGT biosensors. Applications 

into cellular detection would be greatly facilitated by improvements in the electronic 

performance and physical design of the sensing electrode.  
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2. Motivation and Research Objectives 

2.1 Perspectives on Sensor Research 

Sensors lie at the interface between theory and experiment for all scientific 

endeavors ranging from handheld monitors to entire space satellites. The simplest 

distinction between sensor types delineates physical sensors that measure bulk properties 

from chemical sensors that identify the composition of complex systems. The field of 

analytical chemistry focuses on the latter with molecular scale detection strategies. The 

developments impact a wide range of sectors including environmental science,19,20 food 

safety,21,22 and healthcare.23  

The target application further distinguishes the class of sensor. The scope of this 

experimental work focuses on diagnostic sensors for routine analysis as opposed to systems 

that are predominantly used for research purposes. Methods focused on research such as 

Nuclear Magnetic Resonance (NMR) ,24 single-molecule fluorescent assays,25 or the Nobel 

Prize winning Cryo-Electron Microscopy26 will be referenced only to put the experiments 

in the relevant context. Routine diagnostics are central features of many sectors such as 

personal healthcare,23 environmental monitoring,20 process quality control,27 and food 

safety.22 Finally, the chemical nature of the target molecules breaks down the technical 

class of the sensor to DNA,28 protein,29 cellular,30 and small molecule31 detection schemes. 

A map of sensor classes is shown in Figure 2.1. It is important to note that these distinctions 

are often broad as routine diagnostic tools are commonly used for R&D purposes and vice 

versa. 
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2.2 Available methods 

The technology underlying a given sensor is consciously tailored to fit the target 

application. DNA detection strategies benefit from considerable interest because the 

genetic material of a potential contaminant provides pronounced specificity for a given 

biomarker.32 The invention of the polymerase chain reaction (PCR) catalyzed the 

development of many DNA detection methods due to PCR’s ability to accurately amplify 

       

                    

           

                     

         

     

The first branch separates chemical sensors from physical sensors. The next separates 

chemical sensors for R&D from those for diagnostics. From there, the sensors are 

distinguished by the nature of the target: DNA, proteins, cells, or small molecules. 

Finally, the industrial sector for diagnostic application is broken into food safety and 

personal health.  

Figure 2.1: Survey of Sensor Distinctions. 
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small amounts of target DNA.33 Recent years have witnessed another revolution in DNA 

detection methods with the advent of sequencing methods.34 Sanger Sequencing 

reconstructs the DNA molecules base-by-base with fluorescent dyes specific to each 

base.35 Emerging techniques such as nanopore sequencing improve on the limitations of 

Sanger Sequencing such as speed and read length.36 While profound, current sequencing 

methods prove too cumbersome for every diagnostic analysis. In many cases, gene-level 

resolution is all that is required to execute an accurate diagnosis motivating techniques 

such as DNA Microarrays.37 Here, the genetic site is removed from the whole genome, 

amplified with PCR, tagged with a fluorescent dye, then exposed to a plate of binders 

designed to represent the gene of interest. Microarrays can also be used to assess the 

relative degrees of gene expression under different experimental conditions.38 In other 

cases, even gene-level resolution is too cumbersome and a simple confirmatory diagnostic 

In the bottom left, a single piece of DNA is amplified via a PCR technique. The 

amplified set of DNA can be confirmed with a low-resolution, multi-gene detection 

technique such as gel electrophoresis. The number of specific genes can then be 

assessed with a DNA microarray that pinpoints certain genes of interest. Finally, high-

resolution, sequence-specific techniques such as Nanowire sequencing can outline the 

order of nucleotides in the DNA.  

Figure 2.2: Survey of Analytical Methods for DNA. 
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from a multi-gene level is more useful. Example applications include extraction of DNA 

from cells or confirmation that a PCR scheme was successful. Techniques such as gel 

electrophoresis are sufficient in these low-resolution cases. Here, a DNA sample is driven 

through a porous material (a “gel”) by an electric field that directs the negatively charged 

DNA molecules at a rate inversely proportional to the size of the DNA.39,40 A schematic of 

these various methods is shown in Figure 2.2. 

Protein detection methods are far more complicated relative to DNA due to the 

highly variable chemistry of amino acids.41 As such, no analogous “protein amplification” 

technique like PCR exists and its absence drastically limits the possibility of transferring 

DNA methods like sequencing over to proteins.41,42 As a result, it is more useful to 

distinguish protein analytical methods based on a compromise between their speed and 

power. Mass Spectrometry (MS) is the most powerful protein analytical method and is the 

closest technique to “protein sequencing” available today.43 With MS, a small amount of 

sample is injected, ionized, then jetted across a magnetic field that redirects the flow path 

to a degree inversely proportional to the ratio of the mass of the protein fragment to its 

charge (m/z). The resulting plot of intensity vs m/z yields a signature unique to the initial 

sample.44 Higher chemical resolution of the protein sample can be achieved with chemical 

pre-treatments of the sample before injection.44 The high-order signatures can be used to 

generate the amino acid sequence of some proteins and/or post-translational modifications 

though it has limitations with more complex protein structures.45 Protein mixtures can be 

assessed by MS combined with separations such as liquid chromatography (LC-MS) or gas 

chromatography (GC-MS).46 While very powerful, these combination 

separation/spectrometric analytical methods are very slow and difficult to use limiting their 
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routine use in diagnostics and handcuffing their potential impact to the scientific 

community.47 

Immunological assays represent another option for protein analytics by sacrificing 

the sensing power of MS for improved speed and usability. The dominant technique is the 

Enzyme-Linked Immunosorbent Assay (ELISA) that uses a 96 well plate coated with 

antibodies to capture the target protein of interest.48–50 Once bound, the formation of a 

complex can be transduced with two modes: sandwich51 or competitive.52 In a sandwich 

assay, a second antibody that has been functionalized with a colorimetric moiety is also 

bound to the antibody-protein complex and quantified with a plate reader for the designed 

absorbance.51 In competitive assays, the functionalized moiety competes for binding to the 

The toolbox of protein analytical methods represents a spectrum of high 

power, low speed (e.g. mass spectrometry) to low power and high speed 

(lateral flow assays).  

Figure 2.3: Protein Analytical Strategies. 
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plate surface with the target analyte so that more colorimetric readout implies a lower 

amount of target protein in the unknown sample.52,53 These two modes have been applied 

widely in the biomedical or food safety space to assess the presence of protein 

contaminants or biomarkers. They are far more adopted than MS methods but still require 

technical training to operate and at least 2.5 hours to generate results.54 They also serve as 

a valuable research tool for characterizing experiments in protein engineering.55 

Lateral Flow Assays (LFA) are the simplest analytical method as exemplified by 

over the counter pregnancy tests.56 A liquid sample containing the target protein (or small 

molecule) is dropped onto a wicking pad that is flowed across the strip via capillarity. The 

liquid interacts with a “line” of colorimetric antibodies that enter the solution. The 

colorimetric antibodies bind to the target in solution (if present) and deposit onto a “test 

line” that specifically bind the target-antibody complex. A positive result is measured by 

the appearance of a color change on said test line at the end of the test. LFAs are extremely 

fast and easy, requiring minimal training and less than an hour. However, they have poorer 

detection limits than other methods and are only semi-quantitative at best.56,57 Figure 2.3 

outlines the major subsets of protein analytical methods available for use and considerable 

research and development. 

The final, major class of biosensors are devoted to cellular assays. The analytical 

tool used to assess the presence of cells is primarily dictated by the amount of resolution 

needed as shown in Figure 2.4. At the highest level of resolution (inner circle of Figure 

2.4), the specific strain of the bacterial contaminant is desired requiring a genomic assay 

including PCR amplification and the corresponding DNA analytical method outlined 
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above.58 PCR-based methods are a very common analytical mode for research purposes in 

areas such as synthetic biology or cellular engineering.33,58 In many cases only the species 

is necessary to diagnose a contamination and can be discovered by growing the target in a 

medium selective to species of interest. These media operate by incorporating a 

combination of antibiotics selective to non-target species and nutrients selective to the 

target species leading to an indication of the growth.59 The penalty for such specificity is 

time as these assays take days to a week to complete.59,60 Faster assays for classes of species 

are available that indicate the presence of, for example, coliforms and represent the next 

layer of resolution.61,62 Finally, the lowest resolution methods probe for any biomass by 

assessing the content of adenosine triphosphate (ATP). This test works well but it does not 

distinguish between living or dead biomass so it is only useful to verify the quality of a 

cleaning process.63,64  

At the highest level of resolution lies strain specific methods that rely on PCR 

amplification of the genome. After than comes species-level resolution that 

distinguishes e. coli from salmonella for example. Beyond that are microbiological 

indicators that measure the presence of any species in a broader class such as 

coliforms. Finally, ATP indicators can assess the presence of any biomass whether 

the source is alive or dead.  

Figure 2.4: Cellular Analytical Schemes. 
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2.3 Research Advancements in Sensing 

Technological advancement in each of the above sensor classes have benefitted 

greatly from continued research and development efforts. Conventional efforts work to 

improve on the capabilities of existing analytical techniques. DNA sequencing has seen 

substantial improvements through nanowire sequencing36,65 and DNA barcoding in 

genome mapping66,67 to more accurately construct the sequenced genome. Similarly, MS 

methods are routinely adopted to new areas with advancements in sample injection and 

data analysis for more accurate, streamlined operation.68 Derivatives of ELISA are also 

developed by incorporating paper microfluidics or advancing the chemical transduction 

mechanisms.69,70 Finally, improvements in cellular assays focus on improvement of the 

species-selective media to minimize the exorbitantly long times necessary to grow a single 

species.71,72 Further R&D efforts are devoted to next-generation sensing technologies to 

expand beyond the common methods outlined above. They seek to fill in gaps in the 

capabilities of these methods by, for example, providing intermediate resolution of DNA 

analytics, generating a protein sensor with “medium-high” power so that slower techniques 

like MS are less necessary, or further resolving the distinction of various cellular tests.73,74  

The most promising approach to next-generation biosensors exploit electronic or 

electrochemical methods to transduce the presence of biomolecules.29 Electrochemical 

sensors transduce the presence of an analyte by changes in the faradaic current at a specific 

electrode. The flagship example is the glucose sensor75 that oxidizes glucose with a widely 

available enzyme, glucose oxidase, that creates hydrogen peroxide which is readily reduced 

by application of a voltage. The amount of redox current correlates to the amount of glucose 

in blood and has found wide success to treat diabetic patients.75 Another example is the 
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alcohol breathalyzer that transduces the oxidation of ethanol in respiration. However, the 

success of these techniques is largely due to chance of nature rather than engineering 

brilliance. In both cases, little effort is necessary to minimize spurious signals because the 

target molecules are uniquely redox active in a certain voltage window. This feature has 

failed to transfer to the general application of electrochemical strategies to biomolecules 

like proteins motivating much work in the field to overcome this limitation.76 

 Tailoring the interfacial chemistry of electrochemical sensors engenders greater 

chemical specificity and corresponding applicability to biomolecules. Intelligent design of 

the interface ensures the target molecule binds selectively to the electrochemical interface 

before probing it for redox activity.76 Nucleic acid aptamers are an extremely promising 

candidate for target molecules due to their low cost, ease of synthesis, and profound 

reproducibility.77–79 These molecules are evolved to specifically bind the analyte of interest 

with affinities on par with antibodies, a more conventional immunological binding agent. 

The nucleic acid strands often adopt a stem-loop structure due to self-hybridization that 

binds the unique structure of the target analyte. Advancements in the field have improved 

the ad-hoc design of binders to a very systematic and successful approach.80  

 Electrochemical Aptamer-Based sensors (E-AB) are applied to a wide range on 

analytes,81 primarily small molecules like illicit drugs and hormones.31 Their adoption to 

proteins has been limited to those with small-to-medium molecular weight.82,83 The 

aptamer capture agent often adopts a “shape-conforming” transduction motif where the 

native stem-loop structure is altered to a more diffuse structure when the analyte binds to 

the aptamer.31,80 The binding agent is often chemically tagged with a redox active agent 
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such as methylene blue that yields a faradaic current upon application of a voltage. The 

electron transfer efficiency is proportional to the measured current and depends strongly 

on the distance between the redox molecule and the underlying electrode. This mechanism 

allows for rapid transduction binding events and has been successfully applied to areas 

such as drug delivery and biomarker monitoring.84,85 Other variants chemically tag the 

target analyte with a redox molecule that is in turn concentrated at the electrode interface 

upon aptamer binding.86,87 These general schemes are highlighted in Figure 2.5.  

 (a) and (b) demonstrate the mechanism of shape conforming aptamers when used as 

electrochemical biosensors. The folded aptamer brings the redox tag close to the 

electrode surface until the target analyte alters the shape and moves it further away. In 

(c) and (d) a tagged analyte is bound to the surface and the increase in redox current 

represents successful transduction. 

(a) 

(b) 

(c) 
(d) 

Figure 2.5: Electrochemical Aptamer-Based (E-AB) Sensors. 
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  Further expansion of electronic sensors exploits the amplification properties of 

field-effect transistors (FETs) .15,88 In FET operation, a voltage is applied to a gate electrode 

(VG) that alters the conductivity of a semiconductor capacitively coupled through a 

dielectric layer.89 An orthogonal drain voltage drives a current through the electrode which 

is in turn a strong function of the applied gate voltage. Early applications of FETs to sensing 

were called CHEM-FETs that functionalize an interface with chemical binders.90 The 

interface lies between the dielectric layer and an electrolyte medium and perturbs the 

potential profile through the device.90 An Ion-Selective FET (ISFET) is another derivate 

and has been used to indirectly monitor DNA sequencing through pH sensing by tuning 

the dielectric layer to be chemically sensitive to hydrogen ions.91,92 The altered chemical 

potential of the ion-selective membrane is transduced as an altered current in the coupled 

semiconductor.  

An inorganic transistor is altered to incorporate a functionalized binding interface that 

is coupled to a reference electrode through an aqueous electrolyte. Binding at the 

functionalized interface alters the device characteristic enabling its use as a biosensor. 

Figure 2.6: Chemical Field Effect Transistors (CHEMFETS). 
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 The two next-generation sensor classes outlined here, electrochemical and 

transistor, have found ranges of success is various arenas.88,93 Novel personal care 

diagnostics are under development with E-AB sensors84,85 but transistor based monitoring 

have generally lagged.77,94 The principle challenges yet to be overcome for transistor 

biosensors stems from the complicated interactions between transistor operation and 

biomolecular interactions. This makes it very difficult to precisely correlate altercations in 

device output to molecular level changes. In terms of sensor merit, it is difficult to make 

transistor based biosensors with a low limit of detection that can operate in complex 

chemical or physical environments.15,23  

2.4 Organic Electronics in Sensing: Methods and Mechanisms 

The core of this work is focused on organic electronic based sensors often termed 

organic bioelectronics.95 The physical operation of these devices is very similar to 

conventional, inorganic FETs but with important differences stemming from the material 

properties.96 In this context, “organic” implies the materials are carbon-based allowing 

them to be mechanically flexible and solution processable in direct contrast to conventional  

inorganic materials like silicon.10,89 The mechanical flexibility of organic electronics has 

enabled their adoption as in situ biomonitors in, for example, brain implants.97,98 

Monitoring and treatment of epileptic patients has been advanced by the invention of 

organic electronic based electrodes.99 Other avenues impacted by electronically functional, 

mechanically flexible materials are skin prosthetics100 and robotics101 where organic 

electronic films transduce mechanical inputs into an electronic output with a variable form 

factor.100,101  
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The fundamental building block of organic electronics is the field-effect transistor 

shown in Figure 2.7 that is analogous to inorganic FETs in Figure 2.6.96 Similarly, voltages 

applied to the electrodes govern the conductivity of the semiconducting film. The specific 

relationship between the input voltages and the output conductivity is a strong function of 

interfacial properties (highlighted in Figure 2.7) that serve as the target for the construction 

of bioassays.14,89,102 The chemical versatility of organic materials enables interfacial 

R   p     

An instructive schematic of an organic electronic transistor is shown with a top-gated, 

bottom contact design. The materials used in the bulk of this work are shown in green 

and orange. The green dielectric is a combination of an ionic liquid and triblock 

copolymer termed an ion-gel. The orange semiconductor is a conjugated polymer, P3HT. 

Interfaces commonly used to fabricate organic electronic biosensors are highlighted in 

blue and are functionalized with receptors specific for a target analyte.  

Figure 2.7: Organic Bioelectronic Building Blocks. 
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functionalization with chemical binders that concentrate analyte molecules at said 

interface.103 The resulting change in chemistry is transduced by the transistor due to the 

aforementioned sensitivity of the output conductivity on interfacial chemistry. A spectrum 

of variations is pursued that functionalize the gate electrode/dielectric interface,104,105 the 

semiconductor/dielectric interface,106 the source/semiconductor interface,94,107 and the 

semiconductor/semiconductor interface for films with polycrystalline or amorphous soft 

matter films.108–110  

The chemical versality of organic molecules allows for capacitive coupling 

between the gate electrode with an electrolyte with mobile ions as opposed to solid state 

dielectrics (e.g. Parylene C or SiO2).
89 The corresponding material properties of the 

dielectric layer distinguish important subclasses of organic electronics into electrolyte-

gated transistors (EGTs) and conventional organic FETs (oFETs).89,107 A very promising 

type of electrolyte dielectric and the major focus of this work is an “ion-gel”.111–113 An ion-

gel is a mixture of ionic liquids (non-volatile, liquid organic ions) and triblock copolymers 

The mobile ions of the ion gel migrate to the gate electrode and semiconductor 

interfaces upon application of a voltage. The resulting electric double layers have very 

high concentration of charge at low applied voltages resulting in a very high electric 

field due to the thin length of the double layer (~1 nm).  

Figure 2.8: Capacitive Mechanism of EGTs. 
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that physically crosslink to enhance the mechanical integrity and processability of the 

material.112,113 The electrolyte dielectric contains mobile ions that form electric double 

layers at the gate and semiconductor interface as outlined in Figure 2.8.89 The resulting 

double layers result in very high concentrations of ions and corresponding high interfacial 

electric fields. This mechanism yields very high capacitances on the order of 1 µF/cm2 and 

low voltage operation (<1 V).89,107 These features are central to adoption in sensing 

applications that permit facile transduction of small potentiometric perturbations brought 

by specific changes in interfacial properties.  

The semiconducting action of organic materials is dependent on the dielectric used 

for capacitive coupling and the chemistry of the underlying semiconductor. This work 

focuses on the polymeric semiconductor, poly(3-hexylthiophene) (P3HT) (Figure 2.7), 

with a semiconducting action that originates from molecular orbital overlap of adjacent π-

π bonds in the polymer backbone.114–116 Upon application of a gate voltage, the energy 

levels of these bands are raised until they resonate with the Fermi levels of the underlying 

The interfacial ions in the dielectric can form a two-dimensional double layer in a 

process termed Electrical Double Layer Gating. In the work presented here, the ions 

penetrate the semiconductor forming a three-dimensional layer in a process termed 

Electrochemical Gating.  

Figure 2.9: Gating Action of Electrolyte Dielectrics on Organics Semiconductors. 
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source/drain electrodes. The resulting carriers can be measured as a drain current upon 

application of a voltage (VD) across the film. This current is proportional to the product of 

the number induced carriers and the speed of those carriers measured by the carrier mobility 

(µ).96 The presence of an ion-gel presents unique gating behavior of EGTs. Under a gate 

voltage, the ions that migrate to the semiconductor/dielectric interface can penetrate the 

semiconductor and lead to three-dimensional doping.89 This occurs for polymeric 

semiconductors like P3HT but not for small molecule crystals and is depicted in Figure 

2.9.117,118 The devices used in this work operate via electrochemical gating yielding very 

high rations between the ON and OFF current at low applied voltages (~1 V).6 An 

archetypal device is shown in Figure 2.10.  
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A standard ID-VG response of a printed EGT is shown. The current is presented on 

a semilog plot and a linear plot of ID
1/2. The device exhibits ON/OFF ratios of ~106

 

at applied voltages less than 1 V.  

Figure 2.10: Archetypal Device Response of a Printed EGT. 
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Utilizing organic electronic transistors for biosensors is motivated by their 

printability,10,119 chemical versatility,103,120 and corresponding low-voltage operation.111,121 

However, their success has been limited by the inherent material constraints and 

corresponding applications for which they are qualified. Referring to Figure 2.7, the 

incorporation of capture molecules on interfaces essential to device operation requires the 

corresponding chemistry and solvents to be compatible with the electronic materials. 

Additionally, the voltages necessary to run the device cannot irreversibly breakdown the 

electrolyte or degrade the semiconductor.122 The final constraint depends on the strategic 

choice of the sensing mechanism. If, for example, the binding of the analyte is transduced 

due to the mirror charge induced onto the semiconductor then the ionic strength of the 

electrolyte must be very low to prevent masking of the charge screening process.102  

We introduce a solution by separating the electronics and biocapture interfaces as 

discussed in the subsequent chapters and corresponding publications.3–5 The novel 

geometry and material choice enables a wide range of compatible electrolytes and 

corresponding analytes to target. The strategy is discussed in detail in Chapters 3-6. 

2.5 Methods 

 A salient feature of organic electronics is their solution processability. The 

chemistry of carbon based materials enables them to be dissolved in a volatile solution and 

cast onto a substrate after evaporation.123,124 In contrast to conventional semiconductor 

manufacturing, the temperatures are drastically lower (~100oC vs. ~1000oC) requiring far 

lower energy input. The technique is also additive so that it bypasses the waste and 

precision required for etching processes. The long-term goal of printed electronic materials 
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is to generate a fully roll-to-roll (R2R) process that can align and register multiple layers 

at speeds comparable to conventional printing processes used in, for example, newspaper 

printing.124–126 

 A variety of techniques are available for printing organic films such as inkjet 

printing,127 gravure prinking,128 or aerosol jet printing.115,129 Inkjet printing is the most 

common mode of material transfer and uses a piezoelectric actuator to dispense a small 

droplet of dissolved organic onto a substrate with precise control over the droplet size and 

spatial location.127 It has wide applicability but suffers from clogging problems and 

limitations on the solvent viscosity.127 The focus of this work is aerosol jet printing utilizing 

printers from Optomec Inc. and is depicted in Figure 2.11. The organic electronic material 

is dissolved in a volatile solvent, aerosolized by a sonication bath, then entrained in an inert 

carrier gas that is brought near the substrate (~1-3 mm away). Once the entrained aerosols 

The scheme of aerosol jet printing is demonstrated with an organic ink placed in 

a sonication bath to form a suspended aerosol. An inert carrier gas is injected to 

entrain aerosols and deliver them to the nozzle near the substrate. A sheath gas 

meets the carrier gas at the nozzle and concentrically focuses the aerosol as it is 

brought to the nozzle.  

Figure 2.11: Aerosol Jet Printing. 
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are brought to the nozzle tip the carrier gas is focused with a concentrically flowing sheath 

gas to prevent dispersion and spreading of the organic solute leading to spatial resolutions 

of 15-25 µm. The aerosol jet printing technique is advantageous for this work because it is 

compatible with a wide range of solvent viscosities, permits rapid prototyping of film 

geometry, and is flexible to planar and three-dimensional geometries.115,129  

 The methods of printing are provided in detail in the following chapters, but some 

heuristic guidelines are presented first. The formulation of the ink is constrained by the 

operating principle of the technique, namely that the solution needs to be volatile enough 

to form an aerosol but not so volatile it evaporates before the aerosol reaches the nozzle. 

In the former case, no material will get deposited on the substrate. In the latter case, the 

solid particulates will get splattered on the substrate erratically with very poor spatial 

resolution or film uniformity. For example, P3HT can be dissolved in chloroform but the 

solution is so volatile it does not form uniform films. The addition of a co-solvent like 

terpineol (1:10 by volume) lowers the volatility of the solvent leading to a solution 

deposited film on the substrate that, after solution evaporation by heating the stage at 60oC, 

leaves behind a continuous film of P3HT with good spatial resolution. However, the 

addition of terpineol lowers the solubility of P3HT and/or leads to agglomeration of the 

dissolved solids. This process limits the lifetime usability of a P3HT ink dissolved in 

chloroform/terpineol to about 8 hours. The stage temperature is selected so that it dissolves 

the ink solvent but does not boil it. For example, a temperature of 60oC is used for 

chloroform that has a boiling point of boiling point of 61.2oC (note that this is elevated 

slightly upon addition of terpineol). With a proper ink formulation, the sonicator power is 

selected in tandem with the physical position of the ink in the sonication bath in order to 
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generate an aerosol of sufficient density that will be well entrained by the flowing carrier 

gas. This is a very iterative, empirical procedure that depends on the solution properties, 

the volume of the ink, and the volume of water in the bath. The goal is to generate as high 

a density aerosol with the lowest amount of sonicator power. The final parameters are the 

carrier gas flow rate, the sheath gas flow rate, the working distance of the nozzle to the 

substrate, and the size of the nozzle. These cannot be tuned independently leading to range 

of useful parameter sets for a given material. A few guiding heuristics are presented to help 

orient a new user or an experienced user with a new material. The carrier gas rate needs to 

be high enough to deliver appreciable solution to the substrate but low enough to prevent 

over pressuring or excessive amounts of material deposition. The sheath gas flow rate is 

tied to a given carrier gas. Higher sheath gas flow rates lead to better spatial resolution of 

the deposited film. But too high rate can again cause overpressures or a sporadic, atomized 

deposition onto the substrate. The working distance of the nozzle tip to the substrate is 

generally kept as small as possible (~1 mm). However, some fabrication demands, such as 

those in this work, require very high working distances closer to ~1 cm. As the aerosol 

stream travels farther without focusing the resulting film becomes less and less resolved. 

To compensate for the increased working distance, the flow rates (both carrier and sheath) 

need to be increased in order to counter the uncontrolled spreading between the nozzle and 

the substrate. The size of the nozzle is a very critical parameter that in turn affects all the 

other parameters listed. Smaller nozzle openings lead to larger pressure drops across the 

orifice requiring higher carrier and sheath gas flow rates. These altered rates also depend 

on the properties of the aerosol and the working distance of the nozzle. It is best to start a 

new process with a 150 µm nozzle before constricting it to 100 µm for higher spatial 
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resolution or expanding it to 200 µm or 250 µm to get larger area coverage at a faster rate. 

The other operating parameters that lead to successful films at 150 µm are suitable initial 

iterations for other nozzle sizes. As a final note, the speed and path of the stage moving 

under the nozzle can be varied completely independently of the flow and solution 

parameters outlined above. I highly recommend generating a quality film first then 

programming the computer afterwards. For example, if the resulting film has good 

resolution and continuity but it too thin then it is best to maintain the flow and aerosol 

parameters and instead program the stage to slowly print multiple layers over one another. 

Figure 2.12 shows some optical images of quality film for P3HT, ion-gel, and polystyrene 

that are used to generate the sensors in this work.  

 The University of Minnesota is equipped with a stellar cleanroom facility that has 

enabled the work presented here to succeed. Unlike printing, the procedures outlined in the 

following chapters can be accurately transferred to other designs or altercations of the 

design. The gold electrodes are patterned by standard photolithographic methods by 

coating an oxide wafer with a Shipley photoresist, exposing the film to UV radiation 

through a chrome mask, dissolving the exposed photoresist in developer, then evaporating 

a film of chrome followed by gold. The final step strips the photoresist, chrome, and gold 

Printed films of P3HT are shown with a spatial resolution of ~20 µm in (a) and (b). An 

ion-gel film is shown in (c). An encapsulation layer of polystyrene is shown in (d).  

(a)  (b)  (c)  (d)  

Figure 2.12: Optimal Images of Printed Films. 
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that has not adhered to the exposed oxide. This protocol is useful for patterns with a 

minimum feature size of ~10 µm.130  

 For higher spatial resolution, a two-layer photoresist process is used with LOR3A 

deposited first followed by a Shipley resist.131 Developing the two-layer leads to 

anisotropic dissolution of the top layer but an isotropic dissolution of the underlying 

LOR3A. This undercut facilitates the deposition of metals at high spatial resolution so that 

the interconnects do not unintentionally overlap and cause shorts. The two-layer process 

generally leads to lower yields due to edge effects compared to the single layer process 

with lower spatial resolution. As a result, the two-layer photolithography method should 

only be used when necessary.  

 The microfluidics used in this work are also fabricated in the cleanroom through 

soft lithography methods. A film of SU-8 is spin-coated onto silicon wafer to a thickness 

of ~100-200 µm. The thickness of SU-8 is governed by the spin speed, spin time, and solids 

content of the SU-8 formulation. Exposure to UV light leads to a highly dense cross-linked 

network that, after annealing, is not dissolved by SU-8 developing solution. The patterned 

strips of SU-8 are baked to solidify the film then passivated with HMDS, a hydrophobic 

molecule that forms a monolayer on the wafer surface. The patterned is transferred to a 

rubber of poly(dimethyl siloxane) (PDMS) by mixing a solution of base and curing agent 

named Sylgard® 184 over the pattern and baking for 2 hours at 75oC.132,133  

 The incorporation of microfluidics and printed electronics to the same 

photolithographically patterned wafer warrants discussion. The bonding of PDMS to the 

wafer surface is greatly strengthened by plasma treatment of the corresponding surfaces. 
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The energetic oxygen molecules in the plasma clean the wafer and PDMS surface from 

trace organic molecules and increase the surface concentration of hydroxyl groups that 

permit high integrity surface bonding. Due to this necessity, the PDMS must be bonded to 

the wafer before printing as the oxygen plasma will detrimentally degrade the printed 

organic materials. The printing process requires a clean surface that is enabled through 

plasma treatment, but too much plasma treatment will lead to a large mismatch in surface 

hydrophobicity between the gold and oxide wafer. As a result, the films for ion-gel depicted 

in Figure 2.12 will lose their shape due to wicking onto the gold. The complication is 

bypassed by plasma treating the wafer for a very short time (~10 sec) while the PDMS is 

treated for a longer time (~30 sec). Then the PDMS can be bonded to the wafer and the 

organic electronics can be printed with a high working distance of the nozzle.  

2.6 Entrepreneurship 

 I have had the unique experience of pushing my research from the academic sector 

into the commercialization sector, albeit at a very early stage. The motivations and 

strategies were developed with help from Dr. Carla Pavone with the Carlson School of 

Management at the University of Minnesota and a variety of instructors involved in the 

NSF I-Corps program.  The transfer of technology from academia to industry is often 

challenging due to conflicting motivations between the two sectors. In academia the 

primary goal is education and knowledge. In industry, to a simple approximation, it is 

profit.134 

 Straddling these two sectors with a research project requires strategic design of 

experiments and considerable foresight. Research, by definition, results in advances that 

are difficult to predict further complicating the transition into the commercialization 
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sphere. An academic researcher interested in the commercial opportunities of their work is 

highly advised to begin the commercialization process as early as possible to maintain as 

much control over the direction as possible.134  

 How does one assess the commercial value of their research? This is a core question 

that is explored in entrepreneurial courses, books, and experiences. The recommended 

pathway is outlined in Figure 2.13. Naively, one might consider the top, linear pathway 

that involves identifying a problem and progressively building the corresponding 

technological solution with business acumen and capital backing. This strategy works well 

for large corporations that already have a large, open relationship with their customer base 

and a strong understanding of their technical capabilities. For an entrepreneur starting-up 

an endeavor, this fails at extremely high rate. A more intelligent strategy is outline at the 

bottom of Figure 2.13 that approaches the commercialization problem more 

Two potential pathways for technology commercialization are presented. The blue 

pathway on top is a linear pathway that works best for established corporations but 

is very expensive for start-up companies. The more iterative approach in green is 

far more efficient for start-up companies as it allows the technology to progress 

with more feedback from potential customers.    

Figure 2.13: Commercialization Pathways. 
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experimentally. The process of idea generation and assessment is approached iteratively 

with the initial problem identified hesitantly. The proposed technological solution is 

developed with the minimal possible features or capabilities that still permits 

communication of the final vision of the finished product. This simplified product is tested 

with real customers and their feedback is used in a continuous process until the technology 

is ready to sell.134  

 The core mechanism of commercialization is communication with potential 

customers. This requires translating the technical features of the research project into 

commercial value of the envisioned product. The Value Proposition (VP) is defined based 

on the latter definition (i.e. commercial value) and is highly context dependent. VPs 

constructed from the same vocabulary could have widely different responses to different 

customer segments (CS). A central goal of the iterative process outlined in Figure 2.13 is 

to find a match between a given VP and CS resulting in a product market fit. Once the 

product market fit is found the technology can be advanced to communicate that fit and the 

potential vision. These technology iterations are termed Minimum Viable Products or 

MVPs. Chapters 5 and 6 can be thought of as iterative MVPs of the biosensing technology 

presented in this work.134  

 In short, an aspiring R&D entrepreneur needs to begin the process early and seek 

out various CS to translate their technical features into a VP. Once successful an MVP can 

be engineered and developed to deliver the product market fit. The process is repeated until 

the MVPs transform into an actual product that can be sold for profit. Once enough profit 

is generated the profit can be used to fund more R&D permitting the cycle to begin again.134  



31 

 

3. Label-Free DNA Sensing Platform with Low-Voltage                        

Electrolyte-Gated Transistors 

3.1 Abstract 

We report a method to measure DNA hybridization potentiometrically in a manner 

conducive to portable or hand-held biosensors. An electrolyte-gated transistor (EGT) based 

on poly(3-hexylthiophene) (P3HT) and an ion-gel serves as a transducer for surface 

hybridization of DNA. The key aspect of the design is the use of a floating-gate electrode 

functionalized with ssDNA whose potential is determined by both capacitive coupling with 

a primary, addressable gate electrode and the presence of adsorbed molecules. When DNA 

is hybridized at the floating gate it offsets the primary gate voltage felt by the P3HT 

semiconductor; the offset is directly measurable and quantitatively related to the number 

density of dsDNA molecules. The 

presented sensing strategy can be readily 

adapted to other biomolecules of interest 

and integrated into a microfluidic system 

for field applications of biosensors. 

3.2 Introduction 

Rapid, label-free, and portable DNA detection devices continue to be of interest for 

applications in biothreat detection135 or point-of-care diagnostics.136,137 Key figures of 

merit for sensors are sensitivity and selectivity but other requirements for portability 

include robust, simple operation and fast readout.137–139 Many strategies have been reported 

including electronic,140 colorimetric141 and electrochemical136 sensing mechanisms. These 

Figure 3.0: Overview Sketch. 
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approaches avoid the use of fluorescent labels, which is in principle attractive to overall 

ease of use. 

In this article we describe a new potentiometric approach to label-free DNA 

detection using an electrolyte-gated transistor (EGT) coupled to a microfluidic reservoir. 

An advantage of using a transistor in a detection scheme is the opportunity for significant 

signal gain, allowing direct electronic readout of DNA hybridization.140 As in a 

conventional field-effect transistor (FET), the current (ID) through the semiconducting 

channel of an EGT is a strong function of the voltage applied to the drain electrode (VD) 

and the voltage at a capacitively coupled gate electrode (VG).142,143 For p-type EGTs, the 

current is low (or the device is OFF) when VG > VT (the threshold voltage) but when VG - 

VT ≈ VD the current follows the saturation behavior142,144 

 
ID=

W

2L
μCi(VG-VT)2  

(3.1) 

where W and L are the width and length of the semiconductor channel, μ is the carrier 

mobility in the semiconductor, and Ci is the specific capacitance of the gate insulator. EGTs 

are well suited for potentiometric biosensing145–147 because of the very large value of Ci, 

on the order of 10 μF/cm2,142,148 associated with the electrolyte gate “insulator”. The large 

Ci means small changes in VT, for example due to chemisorption on the gate electrode, 

result in significant and easily detectable changes in ID.138,142,143 In prior work, 

biocompatible semiconductors such as PEDOT:PSS149 and carbon nanotubes150 have been 

employed in water-gated EGTs where DNA or other analyte molecules interact with the 

gate electrode in contact with an aqueous electrolyte layer.151  
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The key aspect of this work is the use of a second, floating-gate electrode whose 

potential (VF) is not directly controlled. Floating gates have been applied previously in 

transistor-based DNA sensors.152,153 However, the use of solid gate dielectrics with lower 

capacitances limits the change in semiconductor conductance for a given VT shift arising 

from DNA hybridization. Our work improves on previous device designs by implementing 

a floating gate into a high capacitance (or low-voltage) EGT for the first time. The 

advantages of this sensor architecture are: (1) the pronounced sensitivity due to the 

extremely large EGT transconductance154 (dID/dVG, Equation 3.1) i.e., there are large 

changes in semiconductor conductance for a given potentiometric signal (VT shift); (2) the 

low operating voltages that make the devices amenable to a variety of printable, lab-on-a-

flexible-substrate schemes;155 and (3) the versatility of the floating gate design that 

separates the molecular capture interface from the electronically controlled electrodes.153  

3.3 Experimental Methods 

Materials. The ionic liquid, 1-ethyl-3-methyl imidazolium 

bis(trifluoromethylsulfonyl)imide (EMI/TFSI) was purchased from EMD Millipore, Inc. 

(high purity). Poly(3-hexylthiophene) was purchased from Rieke Metals Inc. (MW = 50-

70k, regioregular, electronic grade). The block copolymer poly(styrene-b-methyl 

methacrylate-b-styrene) (SMS) (MW = 15k-81k-15k) was used to create the ion-gel and 

synthesized by the procedure outlined by Zhang et al.156 All DNA was purchased from 

Integrated DNA Technologies with the sequences in Table 3.1. The highlighted nucleotides 

represent the location of non-complementary base pairs with respect to the probe sequence. 

Beta-Mercapto Hexanol was purchased from Sigma-Aldrich and used as received. YOYO-



34 

 

1 dye was purchased from Invitrogen. TE buffer was used to store and transport DNA (10 

mM Tris, 1 mM EDTA, pH = 8.0) and phosphate buffered saline (PBS 1x) was used as an  

aqueous electrolyte during device testing. 

 

 

 

 

Device Fabrication. The P3HT and ion-gel were deposited with an aerosol jet 

printer from Optomec Inc. P3HT was dissolved in chloroform (1 mg/mL) then terpineol 

was added (1:10 by volume) as a co-solvent. The ionic liquid was mixed with SMS and 

ethyl acetate at a ratio of 1:9:90 by weight (EMIM/TFSI:SMS:ethyl acetate). Experimental 

parameters and procedures for the printing process can be found in the article by Kim et 

al.144 The device was annealed as fabricated at 120oC for 30 min. A PDMS well was then 

reversibly bonded (i.e., without plasma treatment) to the device. In terms of areas, the 

semiconductor footprint was 0.11 mm x 0.2 mm (ASC), the floating-gate/ion-gel interface 

was 1 mm x 1 mm (AFG1), the floating-gate/aqueous interface was 3 mm x 3 mm (AFG2), 

and the primary gate/aqueous interface was 5 mm x 5 mm (AG). 

DNA Handling. All DNA was stored in TE buffer at  

100 μM. To immobilize the thiol-modified probes, they were first reduced with 

dithiothreitol (DTT) (Sigma-Aldrich) and then purified via chromatography and diluted to 

1 μM with TE buffer containing NaCl. To immobilize probes at a low density (2 pmol/cm2) 

 

Name Sequence 

Probes 5'-GAG-AGA-CCG-GCG-CAC-AGA-GG-3' 

COMP 3'-CTC-TCT-GGC-CGC-GTG-TCT-CC-5' 

MM1 3'-CTC-TCT-GGC-AGC-GTG-TCT-CC-5' 

MM2 3'-CTC-TCG-GGC-CGC-GTT-TCT-CC-5' 

MM3 3'-CTC-TCG-GGC-AGC-GTT-TCT-CC-5' 

RAND 3'-CGT-AAA-TGA-TCC-TTC-AAC-TA-5' 

Table 3.1: DNA Sequences 
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they were spotted onto the floating gate electrode in TE buffer at 0.1 M NaCl for 2 h; for 

medium density (7 pmol/cm2) they were spotted in TE buffer at  

1.0 M NaCl for 2 h; for high density (12 pmol/cm2) they were spotted in TE buffer at 1.0 

M NaCl for 24 h.157 The samples were then rinsed with TE buffer (no NaCl) and then 

spotted with 1 mM Beta Mercapto Hexanol (MCH) in DI water for 1 h and rinsed with TE 

buffer. Complementary, mismatched or random DNA were then added at 1 μM (or as 

specified for complementary DNA) in TE buffer at 1.0 M NaCl for 1 h and rinsed with TE 

buffer. All electrical measurements were carried out with PBS 1x connecting the floating 

gate and gate electrodes. For fluorescent measurements, the samples were immersed in a 

YOYO-1 solution diluted to 100 nM with TE buffer overnight ( ≥12 h).  

Equipment. All electrical measurements were performed with a Keithley 2400 

Source Measure Unit connected to the gate electrode, a Keithley 2611B Source Measure 

Unit connected to the drain electrode, and a Keithley 6517A Electrometer connected to the 

source electrode. DNA probes were purified with a QiaGen oligonucleotide clean-up kit. 

DNA concentrations were verified with a Thermo Scientific NanoDrop 2000c UV-Vis 

Spectrophotometer. Fluorescent images were taken with an inverted epifluorescence 

microscope (Leica DMI 4000B) with a 120 W metal halide light source. Electrical 

Impedance Spectroscopy measurements were performed with an HP 4192a Impedance 

Analyzer. 

 

 

 



36 

 

3.4 Results 

Figure 3.1 shows the device architecture and overall detection strategy. The floating 

gate straddles two separate portions of the sensor: (1) the detection reservoir (right arm) 

filled with aqueous buffer where the target DNA is introduced and binds to the floating 

gate and (2) the EGT transducer (left arm) which converts the DNA hybridization event to 

an electrical signal. The EGT consists of a printed polymer semiconductor (poly(3-

hexylthiophene) or P3HT) connecting source and drain electrodes and an ion-gel 

electrolyte8,16,19 that couples the semiconductor and the left arm of the floating gate. The 

ion gel is favorable to other electrolytes due to its chemical compatibility with P3HT. 

Applying a voltage directly to the floating gate (which is in this case no longer floating), 

as illustrated in Figure 3.1a, modulates the conductance of the polymer semiconductor, 

which can be measured directly as a change in drain current (following Equation 3.1) as 

shown in Figure 3.2 (black curve). However, during normal operation of the floating-gate 

EGT, voltages are not applied directly to the floating gate. Instead, a second electrode, the 

primary gate, is used to control the EGT through capacitive coupling with the floating gate 

via the aqueous buffer, as shown in Figure 3.1b. The primary gate is connected to the P3HT 

channel through the floating gate, i.e. the two gates are in series. Therefore, chemical events 

at the surface of the floating gate result in VT shifts as discussed below. This design allows 

the surface capture chemistry to occur in a separate electrolyte from the transistor, 

minimizing contamination and/or degradation of the device. 
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Figure 3.2 demonstrates that sweeping VG negatively turns the EGT ON (i.e., the 

source-drain hole current increases142) whether the device is tested in the Figure 3.1a (black 

curve) or 3.1b (red curve) configuration. This happens because the application of VG to the 

primary gate equivalently biases the floating gate, VF, because of capacitive coupling. The 

current at the gate electrode (IG) is also not altered between the configurations (Figure S3.1, 

Supporting Information). Importantly, Figure 3.2 shows that, with no chemisorption on the 

floating gate, VT is independent of whether the gate bias is applied directly to the floating 

gate or to the primary gate. 

To complete the sensor, surface immobilization of ssDNA, the capture sequence, 

was carried out on a portion of the floating gate with thiol-modified DNA probes157,158 as  

shown in Figure 3.1c. A blocking layer MCH was also adsorbed after probe immobilization 

to displace non-specifically adsorbed probes and to prevent further adsorption of 

 (a) The electronic materials are printed on a patterned silicon wafer then tested in a side-

gated architecture. (b) The floating-gate EGT is tested by connecting the floating gate to 

the primary gate with phosphate buffered saline (PBS 1x). (c) The floating gate is 

selectively reacted with ssDNA probes, beta mercapto hexanol (MCH), and 

complementary/mismatched/random DNA. (d) The change in threshold voltage (VT) is 

recorded by testing the EGT before and after probes are reacted with DNA. 

  

Figure 3.1: DNA Detection Scheme.  
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oligonucleotides.157–159 To operate the sensor, the device was configured as shown in 

Figure 3.1d where the aqueous buffer covered the functionalized pad of the floating gate 

and the primary gate. The resulting transfer curve colored red in Figure 3.3a was shifted 

positively from the curves in Figure 3.2 (i.e., before chemisorption) and was taken as the 

background signal. Exposure of complementary DNA to the immobilized ssDNA, 

accomplished in the Figure 3.1c configuration, resulted in the formation of dsDNA on the 

floating gate as confirmed by fluorescence microscopy (Figure 3.7, Supporting 

Information).160 Importantly, as shown in Figure 3.3b, the formation of dsDNA on the 

floating gate resulted in a significant -120 mV shift in the ID-VG characteristic of the EGT 

when it was re-tested in the Figure 3.1d configuration. Exposure of random DNA to the 

sensor exhibited a much smaller <10 mV shift. The size of the voltage shift was a function 

of ssDNA surface density.157,161 A moderate probe density (7 pmol/cm2) was used because 

it exhibited a large signal (inset Figure 3.3b) while avoiding non-idealities associated with 

densely packed DNA probes.157,161 

Testing the device in two different geometries (Figure 3.1a vs. Figure 3.1b) does 

not alter the ID-VG characteristics of the side-gated EGT because the potential at 

the floating-gate electrode (VF) is dominated by the primary gate electrode (VG). 

Figure 3.2: Floating-Gate Operation. 
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The sensitivity of the floating-gate EGT was demonstrated by varying the 

concentration of target ssDNA exposed to the sensor from 10 nM to 10 μM. Measurements 

were taken at steady-state by increasing the hybridization time for lower concentrations (τ 

~ 1/konCDNA, kon ~ 104 M-1s-1).157,162 The results in Figure 3.4a show that the signal is 

saturated at high concentration (≥ 1 μM) but steadily declines for lower concentrations. 

The data are well fit by a Langmuir isotherm (ν = CDNA/(CDNA + KD)) with KD = 25 nM by 

assuming the ΔV decreases due to the smaller fraction of the surface converted to dsDNA 

(ν = ΔV/ΔV0).
161,162 The limit of detection for this configuration is 10 nM, assuming a 

background level equal to the signal from adding random DNA (<15 mV). The intrinsic 

background is caused by a combination of EGT instability,144 non-specific adsorption of 

DNA,158 and drifting potentials of the primary gate electrode.163 The sensitivity can be 

improved significantly by incorporation of a reference EGT into the sensor,163 which will 

 (a) Testing the device after chemisorption of DNA probes (red) positively shifts the 

transfer curve with respect to that taken before chemisorption (black). The inset shows 

the magnitude of the shift at different densities of ssDNA probes with zero corresponding 

to only MCH. Error is the standard deviation of 20-30 devices. (b) The formation of 

dsDNA on the functionalized floating gate electrode causes the transfer curve (blue) to 

shift negatively from the one taken with ssDNA (red). The inset shows a table of ΔV 

from complementary and random DNA at different probe densities. The error is the 

standard deviation of 10 devices. 

(a) 
(b) 

Figure 3.3: Sensor Response to Surface Functionalization. 
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be a focus of future work. For nucleic acids with different binding strengths, the tests can 

be performed in triplicate with a positive control (target DNA at high concentration), a 

negative control (random DNA), and the test sample all measured in parallel.  

The selectivity of the sensor was measured by varying the sequence of target 

ssDNA in solution. The number of mismatched base pairs was increased until the signal 

was indistinguishable from a random sequence. Figure 3.4b demonstrates that there is a 

measurable difference in VT for a sequence with only 1 mismatched base pair and as few 

as 3 mismatched base pairs exhibit responses indistinguishable from a fully random 

sequence.  

 

 

 (a) The sensitivity of the sensor (Figure 3.1d configuration) was tested by varying the 

concentration of complementary DNA and the response is well fit by a Langmuir 

isotherm. The background level is defined as the sensor response to random DNA. (b) 

Mismatched DNA sequences diminish the shift of transfer curves (DV) and 3 

mismatches are indistinguishable from a completely random sequence. Error bars are the 

standard deviation of ≥5 devices. 

Figure 3.4: Sensitivity and Selectivity. 
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3.5 Discussion 

The operation of a floating gate EGT can be understood by approximating the 

device as a network of series capacitors with each capacitor representing a double-layer at 

an electrode/electrolyte interface (schematic in Figure 3.5). This model is valid under the 

following assumptions: (1) zero gate-source current; (2) the semiconductor is held at 

ground; (3) constant capacitance values. The capacitors in the aqueous electrolyte can be 

combined (1/CTotal
 = 1/C1 + 1/C2) to define CG and those in the ion-gel to define CSC,

 which 

physically represent the capacitive coupling between the floating gate/primary gate and the 

floating-gate/semiconductor channel. With capacitors in series, the total charge separated 

in the network is equal to the total charge separated on each individual capacitor by a charge 

balance,  

 QF = QTotal    (3.2) 

where QTotal is the total charge separated in the device and QF is the total charge separated 

on the capacitor between the semiconductor channel and the floating-gate electrode (CSC). 

Substituting in the definition of capacitance (Q = CV) and writing the total capacitance as 

a series combination of CSC and CG (1/CTotal = 1/CSC + 1/CG) results in 

 
CSCVF =

CSCCG

CSC+CG

VG 
(3.3) 

Solving for VF in terms of VG gives 

 
VF =

CG

CSC+CG

VG    
(3.4) 
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which demonstrates that VF tracks VG
 if CG >> CSC or the capacitive coupling between the 

floating gate and primary gate dominates. In this work, CG/CSC ≈ 20 (Figure 3.6) yielding 

the result presented in Figure 3.2.The sensing action of the device is achieved through 

selective modification of the floating gate/aqueous electrolyte interface with DNA, creating 

a voltage offset153,164 between the floating gate and the primary gate. DNA hybridization 

alters the effective double layer potential created at the floating gate/aqueous interface149 

requiring a more negative VG on the primary gate to turn the EGT ON, as observed in 

Figure 3.3b. Mathematically, we account for this voltage offset by treating it as a correction 

V to the threshold voltage for the ID-VG characteristics in the saturation regime, 

 
ID=

W

2L
μCi(VG-[V

T
+∆V])

2
 

(3.5) 

The schematic of a floating-gate EGT in (a) can be approximated as the equivalent circuit 

shown in (b) where the capacitors represent electric double layers and the nodes represent 

electrodes or electrolyte bulks. (c) is the  equivalent circuit when CG and CSC are 

combined into CTotal. (d) is another equivalent circuit where CTotal is separated into CG and 

CSC  each immobilizing an equal amount of charge (QF = QG = QTotal).  

Figure 3.5: Floating Gate EGT Circuit.  
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where V = VG – VF and is due to adsorbed molecules. 

In Figures 3.3 and 3.4, negative shifts in VT occur when ssDNA is hybridized to 

dsDNA. This binding event brings about a number of changes in electrical properties of 

the immobilized molecule such as dipole orientation, increased conductivity, polarizability, 

In (a), the displacement current of the side-gated EGT is presented at various sweep rates 

then plotted in (b) with a linear fit to extract the total capacitance of the EGT. 

Measurements on 7 devices give CSC = 30 ± 9 nF (Ci = 135 µF/cm
2
 for ASC = 0.11 mm x 

0.20 mm). In (c), electrical impedance spectroscopy of DNA monolayers in phosphate 

buffered saline (PBS 1x) show a decrease in capacitance with DNA hybridization. 

Measurements on 5 devices give CG = 670 ± 10 nF for ssDNA + MCH and 520 ± 50 nF 

for dsDNA + MCH (Ci = 9.1 and 7.0 μF/cm
2
). Resulting in CG/CSC ≈ 20.  (d) shows the 

testing configuration for displacement current measurements in (a) and (b). (e) shows the 

testing configuration for Electrical Impedance Spectroscopy in (c).  

  

Figure 3.6: Capacitance Measurements. 



44 

 

and negative charge.165–167 To date, floating-gate transistors have differentiated ssDNA and 

dsDNA by using the increase in negative charge on the floating gate to electrostatically 

shift the potential of the coupled semiconductor (∆V ≈ QDNA/C).153,164,168 However, 

applying this model to our device predicts an increase in ID at a given VG in contrast to the 

result seen in Figure 3.3b. That is, the charge model predicts a positive VT shift upon 

hybridization, whereas Figure 3.3b indicates a negative shift. Additionally, the high ionic 

strength of the aqueous electrolyte yields a Debye length of ~1 nm which effectively 

screens negative charge on the DNA backbone. Thus, it appears that simply considering 

the charge of duplex DNA is not sufficient to describe the sensor mechanism.  

Instead, we consider the potential on the floating gate, VF. Hybridization to make 

dsDNA at the floating gate/aqueous interface reduces CG (Figure 3.7) and thus the coupling 

between the floating gate and the primary gate, i.e., VF < VG at any given VG.153,169–171 This 

condition produces the observed negative shift in VG, but does not adequately account for 

the magnitude of the shifts. The causes of a decrease in CG upon hybridization are related 

to the increase in thickness of an adsorbed DNA monolayer that impedes ion penetration 

into the DNA layer and, in turn, the double-layer capacitance.169–171  

Another factor to consider is the surface dipole at the floating-gate/aqueous 

interface and the corresponding changes in electronic energy levels due to adsorbed 

molecules. The formation of gold/thiol bonds due to probe and MCH immobilization 

(Figure 3.3a) results in a bond dipole with the negative side oriented towards the gold 

substrate.172 Since the floating gate is embedded in the sensor circuit between the primary 

gate and EGT transducer, this charge separation may effectively bias the floating gate with 
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respect to the primary gate shifting the VT in the coupled EGT. It is then plausible that 

DNA hybridization would alter this surface dipole resulting in a different offset than the 

one with ssDNA. However, more work is required to confidently attribute both the 

magnitude and direction of the observed VT shifts to the complex molecular changes 

between ssDNA and dsDNA. Also, the dependence on experimental parameters such as 

ionic strength will be optimized for detection of small dsDNA coverages. Lower ionic 

strengths may render the device more sensitive to changes in surface potential but may also 

decrease electrode stability or increase potential drops due parasitic capacitance 

(diminished CG/CSC).  

YOYO-1 dye was used to generate fluorescent images of functionalized gold substrates. 

Samples were immersed in YOYO-1 which is a bisintercalating dye that exhibits a ~1000 

increase in fluoresence when in the presence of dsDNA. (a) is a bare gold substrate, (b) is 

a sample functionalized with a medium density of probes and MCH, (c) has probes which 

were exposed to random DNA, and (d) has probes exposed to complementary DNA 

resulting in a drastic increase in fluorescence.  

Figure 3.7: Confirmation of Surface Hybridization. 
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The pronounced selectivity to mismatched sequences may also be understood as a 

combination of the mentioned effects. On a molecular level, the complex formed between 

DNA probes and a mismatched sequence carries the same nominal charge as purely 

dsDNA.173 However, the geometry and orientation of mismatched DNA differs from 

perfectly complementary DNA.174–176 Additionally, the mismatched sequences may exhibit 

a smaller equilibrium coverage162,177 on the floating gate. Both diminished coverage and 

the different geometry associated with mismatched dsDNA may lead to a smaller change 

in CG upon hybridization, or a smaller change in surface dipole compared to 

complementary dsDNA, and thus a smaller negative VT shift, as observed (Figure 3.4b). 

Again, further research is necessary to understand the precise origin of the signal associated 

with mismatched DNA, but the sensitivity to base mismatches depicted in Figure 3.4b is a 

salient advantage of this label-free, electronic approach to measuring DNA 

hybridization.136,166,178 

3.6 Conclusions 

Implementing a floating-gate electrode into a low-voltage EGT allows surface bio-

recognition events to be recorded as an altered conductivity of the coupled organic 

semiconductor. The advantages of the sensor design are the lack of labeling reagents, the 

electronic readout, and selectivity.136,138,179 Additionally, the strategy can be readily 

multiplexed into an array of sensors that are connected with a microfluidic network.180 

Ongoing work aims to enhance the limit of detection and to minimize the large amount of 

solution (100 μL) required to fully functionalize the electrode. These limitations can be 

alleviated through optimization of the circuit design and microfluidic handling of the 

sample, both of which follow directly from established techniques.163,181–183  
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3.7 Supporting Information 

The planar, side-gated architecture and electrolyte materials allow the device to be 

tested with and without a floating-gate. There is no observed difference in ID-VG or IG-VG 

characteristics since the capacitance at the aqueous interfaces are much larger than the ion-

gel interfaces (CG >> CSC).  

For this work, the area of the ion-gel/floating-gate interface was 1mm x 1mm; the 

floating-gate/aqueous interface was 3mm x 3mm; and the primary gate electrode was 5mm 

x 5mm. These areas yield a CSC ≈ 30 nF and CG ≈ 1000 nF before chemisorption.  
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The drain current and gate current of the EGT are not altered when the device is tested 

in the floating-gate architecture. Solid lines represent the ID-VG curve while dashed lines 

represent IG-VG curves. 

Figure S3.1: Floating-Gate Operation. 
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4. Operating and Sensing Mechanism of  

Electrolyte-Gated Transistors with Floating Gates:  

Building a Platform for Amplified Biodetection  

4.1 Abstract 

Electrolyte-gated transistors (EGTs) with floating gates (FGs) are an emerging 

platform for label-free electronic biodetection. Advantages of floating-gate EGTs (FGTs) 

include signal amplification and inherent sensitivity to small voltages, on the order of 10 

mV, associated with chemical binding events on the floating gate electrode surface. Here 

we examine how the performance of these devices depends on their architecture, 

specifically the relative sizes (areas) of the control gate, the floating gate, and the source-

semiconductor-drain channel. The results allow optimization of the geometry for future 

biodetection studies. Further, using self-assembled monolayer (SAM) chemistry, we also 

examine the effect of 

chemisorption on the floating gate 

on the current voltage (I-V) 

characteristics. We find the FGTs 

respond to both interfacial dipoles 

and capacitance changes and that 

the I-V behavior can be reasonably 

predicted with a lumped capacitor model. Overall, this work provides the most detailed 

picture to date of the operating mechanism of these promising electronic sensing devices.    

 

  

Figure 4.0: Overview Sketch. 
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4.2 Introduction.  

Originally developed in the 1980s, electrolyte-gated transistors (EGTs) are re-

emerging as a promising platform for biosensing.184–187 In these devices, an electrolyte 

serves as the high capacitance “gate insulator” between the gate electrode and the 

semiconductor channel (Figure 4.1a-c).188 Application of a voltage to the gate results in 

polarization of the electrolyte and an increase in the conductivity of the semiconductor 

channel due to electrochemical doping or electric double layer charging.187 This effect can 

be the basis of bioelectric signal amplification, as has been demonstrated recently for brain 

wave monitoring.189,190 Alternatively, by modification of the semiconductor with selective 

chemical receptors, EGTs can function as label-free biosensors in which chemical binding 

events result in large changes in channel conductivity.191 Advantages of EGTs for sensing 

include signal amplification typical of transistors (e.g. ‘chemFETs’)192–195 and inherent 

sensitivity to small voltages.196 In particular, due to the very large capacitances associated 

with electrolyte interfaces, EGTs typically transition from low conductance OFF to high 

conductance ON states over voltage ranges as small as several hundred millivolts,187,188 

making them exquisitely sensitive to the surface chemistry of the semiconductor.191,197 

Here we focus on an alternative EGT architecture in which a floating gate electrode 

is introduced (Figures 4.1d-f). For sensing applications, floating gate EGTs (FGTs) have 

the advantage that the semiconductor does not need to be modified with selective receptor 

molecules and it is not put in contact with the target-containing sample fluid.198,199 Instead, 

the receptors are located on the right arm of the floating gate in a secondary electrolyte 

compartment that is entirely separate from the primary electrolyte in contact with the 

semiconductor.200 The shift of the molecular “capture surface” from the semiconductor to 
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the floating gate provides two principal avenues for device optimization. First, the 

semiconductor can be selected simply based on its electronic performance (e.g., carrier 

mobility, stability in contact with the primary electrolyte) and not on the ease of its 

chemical modification or robustness to sample fluids, which offers simultaneous 

opportunities to maximize amplification and to reduce fabrication complexity. Second, 

well-developed and versatile self-assembled monolayer (SAM) chemistry can be employed 

to create the selective capture surface on the right arm of the gold floating gate. This in 

turn opens up opportunities to use a wide array of chemical- or bio-receptors that are 

conveniently immobilized on gold.201–203 In an initial study, we demonstrated that FGTs 

 (a) and (b) show a side and top view of an EGT with P3HT in the semiconductor 

channel (W/L = 40 µm/2 µm) and a platinum wire placed in the ion-gel. (c) presents the 

equivalent circuit used to interpret the response of the device. (d) and (e) show a side 

and top view of an FGT with ion-gel as both the primary and secondary electrolyte. (f) 

is the modified equivalent circuit used to interpret an FGT’s response. 

(a) 
(b) 

(c) 

(d) 

(e) 

(f) 

Figure 4.1: Device Architecture.  



51 

 

can be employed to detect DNA oligomers with discrimination of single-base pair 

mismatches.200 Interestingly, parallel work has shown the sensor capabilities of floating 

gate field effect transistors (FG-FETs) that do not use electrolytes, but do employ the same 

operating principle in which the capture chemistry occurs on the floating gate, not on the 

semiconductor.198,199  

As we demonstrate here, FGT operation depends sensitively on the relative areas 

of the semiconductor/electrolyte, floating gate/electrolyte, and control gate/electrolyte 

interfaces. Thus, our first goal in the present study was to determine the optimal geometry 

for FGTs. The second goal was to understand precisely how chemisorption on the right 

arm of the floating gate affects device response. Specifically, we have investigated the role 

of interface dipoles and interfacial capacitance using chemisorbed SAMs on the floating 

gate. FGTs are exquisitely sensitive to both, demonstrating that collective interface dipole 

and capacitance effects may contribute to the sensor response of an FGT. We also find that 

the influence of SAMs on the device current-voltage (I-V) behavior can be modeled, to 

first order, using a simple linear circuit model that can separate dipole effects from 

capacitance effects. Our experiment and analysis provide the most complete picture to date 

of the operating mechanisms of FGTs and open the door to more systematic studies on the 

use of these devices in label-free electronic biodetection experiments.  

4.3 Materials and Methods 

Materials. Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals, Inc. 

and stored in an inert environment. 1-ethylmethyl imidazolium 

bis(trifluoromethyl)sulfonylimide (EMIM/TFSI) was purchased from EMD Millipore, Inc. 
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and stored in an inert environment. Polystryene-b-methylmethacrylate-stryene (SMS) was 

synthesized by a previously reported procedure by Zhang et al.204 The ion-gel was a 

mixture of SMS and EMIM/TFSI at 1:9 by weight. 6-mercapto-1-hexanol (MCH), 

octanethiol, dodecanethiol, and octadecanethiol were purchased from Sigma-Aldrich and 

used as received. 

Fabrication. Cr/Au (5 nm/30 nm) electrodes were photolithographically patterned 

onto a silicon wafer. 50 μm diameter platinum wire (Sigma-Aldrich) was solvent cleaned 

before being used as a quasi-reference electrode. Organic materials were printed with an 

Aerosol-Jet 200 Printer (Optomec, Inc.). For printing, P3HT was dissolved in chloroform 

at 1 mg/ml then terpineol was added as a cosolvent at 0.1 ml per ml of chloroform solution. 

The solution was printed with a 150 μm nozzle, a carrier gas flow rate of 10 ccm and a 

sheath gas flow rate of 20 ccm. The ion-gel was mixed with ethyl acetate at a ratio of 1:9 

by weight, stirred overnight, then printed with a 150 μm nozzle, but with a carrier gas flow 

rate of 20 ccm and a sheath gas flow of 25 ccm. More details on the printing process have 

been reported previously.205,206 

Microfluidic Channels. Microfluidic flow channels were imprinted into 

poly(dimethylsiloxane) (PDMS) molds from an SU8 master. The base and curing agent 

were poured onto the SU8 master at a ratio of 10:1 then heated at 75oC for 2 h. The imprints 

were 150 μm high in a pattern that outlined the source/drain electrodes, the floating-gate 

electrode, and primary gate electrode. The imprints over the floating-gate electrode were 

extended to two inlets/outlets such that a solution injected through one inlet interacted with 

the semiconductor side of the floating gate (or primary gate side) selectively. These inlets 
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were 100 μm wide and ~1 mm long. The design is sketched in the supporting information 

(Figure S4.1).  

Interface Functionalization. To fabricate devices functionalized with SAMs, 

P3HT was printed onto a wafer with patterned electrodes to a thickness of 50 nm and then 

heated to 120oC for 1 h in a nitrogen environment to anneal the polymer film. The 

microfluidic channels were aligned by hand and reversibly bonded to the substrate.207 The 

SAM molecules were diluted to 1 mM in distilled water for MCH and a 1:1 by volume 

mixture of ethanol and water for alkanethiols.208,209,210 The solution was then selectively 

(a) is an image of the printed P3HT film (50 nm) with W/L = 40 μm/2 μm. (b) is an image 

of an FGT with A
FG1

 = 150A
P3HT, 

A
FG2

 = 1500A
P3HT

 and A
CG

 = 6000A
P3HT

. (c) is a 

schematic of the FGT with the microfluidic channels (outlined in red) used to selectively 

functionalize the floating gate with SAMs.  

(a) (b) 

(c) 

Figure S4.1: Device Structure. 
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flowed over one side of the floating gate at 1 μl/min and allowed to adsorb at room 

temperature for 2 h followed by rinsing with solvent. Finally, the microfluidic channels 

were removed so that ion-gel could be printed over the electrodes. 

Equipment. All electrical measurements were performed in an inert glove box with 

a Keithley 2612B Source Measure Unit applying voltages and recording the current at the 

source/drain electrodes, a Keithley 237 Source Measure Unit applying voltages and 

recording the current at the gate electrode, and a Keithley 6517A electrometer recording 

the voltage at the Pt electrode.  

4.4 Results and Discussion 

Side-Gated EGT. We began our investigation by focusing first on a simple side-

gated EGT, Figures 4.1a-c. To understand the device operation, it is important to determine 

how voltage is “dropped” from the gate electrode to the P3HT channel.211,212 Thus, in 

addition to tracking the drain current as a function of VG, we have inserted a Pt wire into 

the gel to probe the gel potential (VGel) with respect to the source electrode as a function of 

VG. The goal is to use this extra information to correlate the non-linear behavior of the 

drain current to the response of a simple, linear equivalent circuit, Figure 4.1c. When the 

area of the ion-gel/gate electrode interface (AGate, see Figure 4.1a-b) is lowered compared 

to the area of the P3HT/ion-gel interface (AP3HT), we observe in Figure 4.2a and 4.2b that 

(1) the turn-on is not as sharp (or the subthreshold swing, dVG/dlog(ID), is higher), (2) the 

ON current is lower, and (3) there is pronounced hysteresis. When the same data are plotted 

with respect to VGel in Figure 4.2c, however, the curves coincide. This is expected because 

the conductivity of the P3HT film should directly reflect the potential difference across the 
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P3HT/gel interface (relative to ground at the source electrode). Thus Figure 4.2c confirms 

that the key potential regulating P3HT conductance, and thus ID, is VGel. Equation 4.1, 

which is the standard equation for a transistor operating in the saturation regime, reads187  

where W/L is the aspect ratio of the P3HT channel (40 µm/2 µm), 𝜇 is the carrier mobility 

(~1 cm2/V-s),205 VT is the threshold voltage of the P3HT (~ -0.3V),205 and Ci is the specific 

capacitance of the P3HT/ion-gel interface (~100 µF/cm2).190,205  

 
𝐼𝐷 =

𝑊

2𝐿
𝜇𝐶𝑖(𝑉𝐺𝑒𝑙 − 𝑉𝑇)2 

(4.1) 

 (a) the I
D
-V

G 
and I

G
-V

G
 response of an EGT with high gate area (A

Gate
 = 0.5 mm x 0.5 

mm). (b) the I
D
-V

G
 and I

G
-V

G
 response of an EGT with low gate area (A

Gate
 = 0.10 mm x 

0.25 mm). (c) I
D
-V

Gel
 and I

G
-V

Gel
 curves are independent of A

Gate
. The thickness of the 

P3HT film was kept constant at 50 nm. (d) the V
Gel

-V
G
 relationship with the fit from 

Equation 4.3 highlighted.  

(a) (b) 

(c) (d) 

Figure 4.2: Gate Area Dependence of EGT Operation. 
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Next we consider how VGel should depend on VG. To a first approximation, we use 

the simple lumped capacitor model in Figure 4.1c which assumes (1) the semiconductor is 

held at ground, and (2) zero gate current. We have two capacitors in series: one for the 

P3HT/ion-gel interface and another for the ion-gel/gate electrode interface. A charge 

balance at the node labeled “VGel” in Figure 4.1c yields Equation 4.2, 

 
𝑉𝐺𝑒𝑙 =

1

1 +
𝐶𝑃3𝐻𝑇

𝐶𝐺𝑎𝑡𝑒

𝑉𝐺 
(4.2) 

where VGel is the voltage at the node between CP3HT and CGate which is experimentally 

measured with a Pt wire dipped into the ion-gel. If CGate >> CP3HT then VGel ≈ VG which is 

desirable to achieve the sharpest turn-on (steepest ID-VG curve) because very little voltage 

is dropped at the gate electrode. 

 Figure 4.2d displays VGel measured as a function of VG for EGTs with AGate/AP3HT 

= 150 and 15. Note that VGel is offset from the voltage measured at the Pt wire by an open-

circuit voltage (VGel = VPt – VOC) which ranges from -0.1 V to -0.2 V from device to device 

because the Pt wire is a quasi-reference electrode.213 The VGel vs. VG data for the 

AGate/AP3HT = 150 case follows a roughly linear relationship as predicted by Equation 4.2. 

The AGate/AP3HT = 15 data deviate more substantially. A fit to Equation 4.2 of the data in 

Figure 4.2d over the whole range of VG is not possible because CP3HT is voltage 

dependent.189,214,215 That is, ions penetrate the P3HT film as VG (or more accurately, VGel) 

becomes more negative and the P3HT becomes electrochemically doped, thus CP3HT 

changes with VG.216,217 CGate may also have a voltage dependence due to ion adsorption and 
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packing effects, though this is expected to be weaker than that for CP3HT.218,219 So Equation 

4.2 is simplistic. 

A reasonable fit for Equation 4.2 (Figure 4.2d) was nevertheless obtained between  

VG = -0.7 V and -1.2 V for the forward sweep over ~2 orders of AGate by taking 

Ci,P3HT/Ci,Gate = 8 and offsetting the denominator by 0.17. The capacitance ratio is consistent 

with previous reports (e.g. 100 µF/cm2/12.5 µF/cm2)205 and the additional offset represents 

an effective ohmic resistance between the gate electrode and the electrolyte bulk (0.17 ≈ 

ReffIG/(VG-VGel)) which was not accounted for in the capacitor model for simplicity. The 

resistance is a combination of a polarization resistance at the ion-gel/gold interface (in 

parallel with CGate) and the bulk resistance of the ion-gel (in series with CGate).
217 More 

details on this calculation can be found in the Supporting Information. 

Another way to analyze these data is to consider the fraction of voltage dropped at 

the gate electrode/ion-gel interface (FGate) which can be derived from Equation 4.2, 

 
𝐹𝐺𝑎𝑡𝑒 =

𝑉𝐺 − 𝑉𝐺𝑒𝑙

𝑉𝐺
=   

1

1 +
𝐶𝑖,𝐺𝑎𝑡𝑒𝐴𝐺𝑎𝑡𝑒

𝐶𝑖,𝑃3𝐻𝑇𝐴𝑃3𝐻𝑇
 
 

 (4.3) 

FGate is calculated from the fit of Equation 4.2 and plotted with respect to AGate in Figure 

4.3. The end result demonstrates the importance of proper sizing when constructing an 

EGT by highlighting how the effective voltage is lowered when the gate capacitance is 

decreased. Improper sizing (small AGate/AP3HT) requires higher operating voltages. The 

dependence on gate area saturates at high values, corresponding to AGate/AP3HT ≥ 50. This 

presents a complication when constructing top-gated EGTs with small metal electrodes and 

ion-permeable semiconductors, because permeability increases the effective capacitance 
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of an interface.190,220 Previous reports presented high performance, top-gated EGTs with 

AGate/AP3HT ≈ 1 by using PEDOT:PSS as a gate electrode (a permeable gate electrode)205,221 

or by using printed ZnO as the semiconductor (an impermeable channel).215 The good 

performance of these devices is rationalized by our current results in Figure 4.3 which show 

that higher effective AGate/AP3HT ratios lead to less voltage drop at the gate and 

correspondingly larger gating effect on the semiconductor.    

Hysteresis. The fit in Figure 4.3 only considers the forward sweep of the transfer 

curve, which is equivalent to the reverse sweep only for high gate area (Figure 4.2a). 

Hysteresis in an EGT can arise due to trap formation at the semiconductor/electrolyte 

interface,222 or impurities. 211,223,224 However, the lack of hysteresis in the ID-VGel curves 

(Figure 4.2c) suggests that the P3HT/ion-gel interface is clean and free of traps. A more 

advanced equivalent circuit for an EGT could be designed with RC elements at the 

The fraction of V
G
 dropped at the gate electrode calculated from Equation 4.4 using the 

fit obtained from Equation 4.3 and plotted as a function of A
Gate

. Error bars represent the 

standard deviation of at least 5 devices.  

Figure 4.3: Quantitative Area Dependence.  
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P3HT/ion-gel and gold/ion-gel interface to represent the double-layer capacitor and 

interfacial charge-transfer or polarization resistance.225 A plausible explanation for 

hysteresis is then the relative increase of the RC time constant of the P3HT/ion-gel 

interface with respect to the lowered RC time constant of ion-gel when AGate is lowered. 

This may cause VGel to ‘lag’ VG when the device is scanned at a rate comparable to the RC 

time constant leading to a hysteresis when VGel is plotted versus VG (Figure 4.2d). 

Empirically, we observe that the hysteresis scales with the logarithm of AP3HT/AGate (Figure 

S4.2, Supporting Information). 

Alternatively, previous reports on room temperature ionic liquids (RTILs) have 

demonstrated a hysteresis in differential capacitance (ΔCAu) above a critical charge density 

at the RTIL/gold interface.218,219 Similarly, the charge transfer resistance at the RTIL/gold 

interface may exhibit nonlinear behavior (ΔRct) related to the overpotentials associated 

with slow kinetics and/or ion adsorption.218,219 The actual hysteresis is likely a combination 

of all the mentioned effects, but the geometric dependence sets the lower bound for gate 

area in order to achieve reliable, direction independent EGT performance.  

Floating – Gate EGT. The construction of an EGT with a floating gate follows 

directly from the results for the side-gated EGT in Figures 4.2 and 4.3. As shown in Figure 

4.1d-e, the floating-gate electrode is an extension of the gate electrode in Figure 4.1a and 

is coupled to the P3HT channel through an ion-gel termed the primary electrolyte. Rather 

than being directly controlled, the floating gate potential is set by capacitive coupling to a 

control gate electrode through the secondary electrolyte.198,226 For biosensing, the 

secondary electrolyte is aqueous from which target molecules are bound to the right arm 
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of the floating gate.200 For the experiments here, the secondary electrolyte is an ion-gel so 

that every electrode/electrolyte interface is identical. The floating gate electrode straddles 

both the primary and secondary electrolyte with ion-gel/electrode interfacial areas denoted 

as AFG1 and AFG2, respectively. The goal in the following experiments is to determine the 

effect that changing the capacitance and work function of the floating gate/secondary 

electrolyte interface has on the EGT output (which, in principle, could be caused by 

adsorbing analytes). 

Capacitance Sensitivity. Altering the capacitance of the floating gate/secondary 

electrolyte interface is expected to give similar results to those in Figure 4.3 – namely, 

smaller capacitances (areas) lead to larger interfacial potential drops. So, as a first 

approximation, the introduction of a floating-gate was analyzed with the circuit in Figure 

4.1f in a manner analogous to the previous approach. C1E is the capacitance of the primary 

electrolyte, a series combination of the double layer capacitances previously denoted CP3HT 

and CGate in Figure 4.1c. C1E was kept constant by maintaining AFG1/AP3HT = 150 so that 

potential drops across the entire primary electrolyte were concentrated at the P3HT/ion-gel 

interface (see Figure 4.3). C2E is the capacitance between the floating gate and control gate 

and was varied by printing different ion-gel/floating gate areas (AFG2). The area of the 

control gate interface was kept constant at 3 mm x 3 mm, much larger than AFG2 so it did 

not contribute to the value of C2E. Q* represents charge stored in the floating gate in a 

parasitic capacitor that will be discussed later. The voltage between these capacitors now 

represents the potential of the floating-gate electrode (VF), as shown in Figure 4.1f. 
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To understand FGT operation, we performed experiments in which VG was applied 

to the floating gate (so, it is not floating) in a conventional EGT test (VG = VG
EGT, as done 

in Figures 4.2-4.3), and then was transitioned to the control gate to test the device with a 

true floating gate (VG =  VG
CG). This procedure allowed the effect of testing an EGT with 

and without a floating gate to be measured directly. We refer to the data sets as “No 

(a) the response of an EGT in a conventional test (black) and again with a floating gate 

(green). In this case, the curves overlap because A
FG2

 is high (1.50 mm x 1.50 mm). (b) the 

difference between conventional (black) and floating gate tests (red) for a device with low 

A
FG2

 (0.50 mm x 0.50 mm). (c) the V
Gel

-V
G
 curves for a device with low A

FG2
. The fit is 

from Equation 4.3 but with a much higher area dependence than the EGTs in Figure 4.3. 

(d) the I
D
-V

Gel
 curves that are again independent of A

FG2
.  

(a) (b) 

(c) (d) 

Figure 4.4: Floating-Gate Area Dependence on Device Operation. 
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Floating Gate” and “Floating Gate” in Figure 4.4. Figure 4.4a shows the results when 

AFG2/AP3HT = 1500 (AFG2/AFG1 = 10), an intentionally oversized ratio to rigorously avoid 

parasitic effects, and the resulting transfer curves for the Floating Gate and No Floating 

Gate scans overlap. Figure 4.4b displays the results for the same test but with AFG2/AP3HT 

= 150 (AFG2/AFG1 = 1); the Floating Gate curve is shifted negatively on the VG axis due to 

the lower effective gating of the P3HT channel across the floating gate, i.e. more negative 

VG’s are required to achieve the same current (in other words, VG
CG <  VG

EGT at the same ID). 

Similarly, the Floating Gate VGel vs. VG curve in Figure 4.4c is shifted negatively to reflect 

this change. In Figure 4.4d the same current-voltage data are plotted with respect to VGel 

causing the curves to coincide as implied by Equation 4.1 and the data in Figure 4.2c. 

Qualitatively, lowering AFG2 is similar to the effect of lowering AGate in Figure 4.2a and 

4.2b except (1) higher areas are required to minimize changes, and (2) no hysteresis results.  

To further understand this result, we performed a charge balance on the circuit in 

Figure 4.1f, assuming Q* = 0 or no stray capacitance in the floating gate, to compare the 

tests with and without a floating gate (similar to the derivation of Equation 4.2) and arrived 

at Equation 4.4198,226,227 

 
𝑉𝐺

𝐶𝐺 = (
𝐶1𝐸

𝐶2𝐸
+ 1) 𝑉𝐺

𝐸𝐺𝑇 
(4.4) 

where 𝑉𝐺
𝐶𝐺  and 𝑉𝐺

𝐸𝐺𝑇 are the voltages applied to the control gate and floating gate that yield 

the same ID. A detailed derivation is provided in the Supporting Information, but the role 

of C1E and C2E on the difference in VG at the same ID is expected. A high value of C1E/C2E 

lowers the effective gating of P3HT since potential is lost across the series capacitors in 

the secondary electrolyte. However, quantitative analysis with Equation 4.4 underestimates 
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the dependence of VG
CG and VG

EGT on geometry, that is the ∆VT = VG
CG-VG

EGT highlighted in 

Figure 4.4b is larger than would be predicted when the extracted capacitance ratio from 

Figure 4.3 is used in Equation 4.4. This can also be seen in Figure 4.4c that presents VGel 

vs. VG curves that depend on AP3HT/AFG2 ~4x more than predicted from Equation 4.2 and 

Figure 4.3 (see the factor of 32 in the fit in Figure 4.4c). 

  A key assumption in Equation 4.4 is that all capacitors are connected in series or 

Q*= 0. This way, the amount of charge stored on C1E and C2E capacitors is equal.198 

However, when an amount of charge (Q2E) is stored on C2E, not all of this charge is reflected 

on C1E if a portion is held at the floating-gate/substrate interface (Q*), modeled as a 

parasitic (or ‘stray’) capacitor in Figure 4.1f. Further, based off the results in Figure 4.2d, 

VGel is linearly proportional to VG
EGT and approximately equal so that VGel will reflect the 

potential at the floating gate (VF). Carrying out a charge balance on the floating gate with 

the circuit in Figure 4.1f allows for the floating gate potential (VF) to be expressed by 

Equation 4.5, 

 
𝑉𝐺𝑒𝑙  ≈  𝑉𝐹  =

𝐶2𝐸

𝐶1𝐸 + 𝐶2𝐸
𝑉𝐺

𝐶𝐺 −
𝑄∗

𝐶1𝐸 + 𝐶2𝐸
  

(4.5) 

This equation has the anticipated dependence on C2E and C1E but carries an additional term 

that can further offset VF from VG
CG. Q* can be understood as the difference in charge stored 

at the floating gate/primary electrolyte and floating gate/secondary electrolyte interfaces 

(Q* = Q2E – Q1E) and is held on a capacitor between VF and an unknown potential. As a 

result, it is difficult to solve for Q* a priori and it is instead assumed to be a constant 

fraction of the charge on C2E. We defined 𝑓, the fraction of charge lost (𝑓 =
Q*

−Q2E
 and 0 <



64 

 

𝑓 < 1) on the floating gate, and carried out another charge balance at the floating gate 

(Figure 4.1f) resulting in Equation 4.6, 

 
𝑉𝐺

𝐶𝐺 = (
𝐶1𝐸

𝐶2𝐸
 

1

1 − 𝑓
+ 1) 𝑉𝐺

𝐸𝐺𝑇 
(4.6) 

A detailed derivation is provided in the Supporting Information. Comparison of Equations 

4.4 and 4.6 shows that if Q* ≠ 0 (𝑓 ≠ 0) then the voltage required to overcome parasitic 

losses will be increased by a factor of 1/(1 − 𝑓). 

Finally, the difference ΔVT = VG
CG - VG

EGT is evaluated at the current threshold, on a 

plot of ID
1/2 vs. VG as shown in Figure 4.5a, and is also presented in Figure 4.5b as a 

function of AFG2/AP3HT. The resulting fit to Equation 4.6 is shown in blue by taking 𝑓 = 

0.77 and C1E/C2E = 8 from Figure 4.3. The gray line is with 𝑓 = 0 and C1E/C2E = 8 to 

illustrate the insufficiency of Equation 4.4 to fully describe the behavior of FGTs. Equation 

(a) shows the square root of I
D
 vs. V

G
 and linear scaling predicted by Equation 4.1, and 

a sample calculation of the change in threshold voltage for a floating gate EGT with low 

A
FG2

. The change in threshold voltage is recorded and plotted with respect to A
FG2

 in (b) 

with a fit from Equation 4.4 in blue for f = 0.77. The gray line is the insufficient fit with 

f = 0.  

(a) (b) 

Figure 4.5: Floating Gate Area Dependence on Device Operation. 
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4.6 accurately captures the VT shift for FGTs relative to EGTs. A significant fraction of 

potential is lost across the floating gate due to parasitic capacitance. Importantly, we find 

that this is not detrimental to FGT operation and only affects the sizing criteria of the 

device. 

Effect of Changing the Floating Gate Work Function. In addition to changing 

the capacitance, adsorption of biomolecules can also change the work function or 

electrochemical potential of the underlying substrate.196,228 Common practice in biosensor 

design is to first chemisorb a self-assembled monolayer (SAM) of alkyl-thiol 

derivatives.201,202 The versatile chemistry of SAMs can be easily exploited so that the 

surface will selectively capture the analyte of interest.229,230 This process is well-known to 

change the work function of the underlying metal230 and the shift is commonly measured 

in an inert environment using ultraviolet photoelectron spectroscopy (UPS)210 or scanning 

kelvin probe microscopy (SKPM).231 Immobilizing alkyl-thiols onto the electrodes of an 

EGT has been studied previously and shown to alter the injection barrier of carriers into 

the semiconductor when bound to the source/drain electrodes,230,191 and also to tune the 

threshold voltage of an EGT when the thiols are bound to the dielectric.232,233 The goal of 

these final experiments was to observe how forming a SAM (thus changing the work 

function) on either side of the floating gate electrode impacted the measured ID-VG curves.  

1-Mercaptohexanol (MCH) (HS-(CH2)5-CH3) was used to alter the work function 

of the floating-gate electrode. MCH is commonly used to passivate sensing surfaces and, 

like many alkyl-thiol derivatives,229 is expected to lower the work function of gold.234  The 

molecules were selectively deposited onto the primary electrolyte/floating gate electrode 
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interface (FG1, the left arm) or the secondary electrolyte/floating gate electrode interface 

(FG2, the right arm) by flowing them through reversibly bonded microfluidic channels, 

rinsing/drying, removing the microfluidic channels, then printing ion-gel over the 

functionalized electrode. In these experiments, the area of the floating-gate was 

intentionally oversized (AFG2/AP3HT = 1500) so that reducing the interfacial capacitance by 

SAM formation would not diminish the capacitive coupling between the control gate and 

floating gate.  

Figure 4.6 presents the results of absorbing MCH on either side of the floating gate; 

there is a clear dependence on the location of the SAM. Figure 4.6a demonstrates that the 

SAM on FG1 shifts the threshold voltage negatively, while the SAM on FG2 (Figure 4.6b) 

shifts it positively. Figure 4.6c and 4.6d display VGel-VG curves that give insight into the 

mechanism changing the I-V curves. Instead of changing slopes (dVGel/dVG) due to 

changing capacitance as in Figure 4.2d and Figure 4.4c, the VGel-VG curves are horizontally 

offset from the reference curve, taken from a device without a SAM, and approximately 

parallel to it. Once again, if the ID-VG curves are plotted with respect to VGel, they collapse 

as predicted from earlier results (data not shown).  

It is well known that the work function of gate electrodes impacts the threshold 

voltage of transistors.212 Figure 4.7 outlines the thermodynamics of changing the floating 

gate work function. First consider the case of a SAM on the primary electrolyte/floating 

gate interface (FG1, in Figure 4.6A). The electrochemical potential difference between 

P3HT and the control gate electrode is then, 𝐸𝐺
1 =  𝜑𝑃3𝐻𝑇 −  𝜑𝑆𝐴𝑀 (Figure 4.7b). 

Experimentally, the functionalized device is tested in parallel with a non-functionalized 



67 

 

device with 𝐸𝐺
0 =  𝜑𝑃3𝐻𝑇 −  𝜑𝐴𝑢 (Figure 4.7a). In this manner, the difference in 

electrochemical potential between the samples is Δ𝐸𝐺
 = 𝐸𝐺

1 − 𝐸𝐺
0 =  𝜑𝐴𝑢 −  𝜑𝑆𝐴𝑀. 

Therefore, if the SAM lowers the work function then the electrochemical potential at the 

gate electrode must be raised (by applying a more negative VG) in order to compensate this 

energy difference and generate the same response in the P3HT film (same ID).212 With this 

(a) an FGT tested with MCH chemisorbed on the left arm of the floating gate (A
FG1

) 

denoted in blue in the device sketched above it. The transfer curve shifted negatively by -

170 mV along with (b) showing the V
Gel

-V
G
 curve. (c) an FGT tested with MCH 

chemisorbed on the right arm of the floating gate (A
FG2

) denoted in blue in the device 

sketched above it. The transfer curve is shifted positively by +230 mV. (d) the 

corresponding V
Gel

-V
G
 curve. 

(a) (b) 

(c) (d) 

Figure 4.6: SAM Orientation Dependence. 
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convention, Δ𝑉𝐺 =  −Δ𝐸𝐺 =  𝜑𝑆𝐴𝑀 −  𝜑𝐴𝑢, yielding the negative VT shift observed in 

Figure 4.6a. 

In the next experiment the same molecule was chemisorbed on the secondary 

electrolyte/floating gate interface (AFG2, Figure 4.6b). Carrying out a similar analysis, the 

electrochemical potential of the control gate with a SAM is 𝐸𝐺
2 = (𝜑𝑃3𝐻𝑇 −  𝜑𝐴𝑢) +

(𝜑𝑆𝐴𝑀 −  𝜑𝐴𝑢)  (Figure 4.7c) and without a SAM is still 𝐸𝐺
0 =  𝜑𝑃3𝐻𝑇 −  𝜑𝐴𝑢 (Figure 

4.7a). Now, the polarity of the SAM is opposite from when it was in the primary electrolyte 

and Δ𝑉𝐺 =   𝜑𝐴𝑢 −  𝜑𝑆𝐴𝑀. As a result, the VT shift in Figure 4.6B has the opposite direction 

as the VT shift in Figure 4.6a because lowered work functions result in positive VT shifts 

due to the different orientation of the SAM with respect to the P3HT film. This is also 

reflected in the VGel vs. VG curves that are shifted in opposite directions when the SAM 

location is changed, Figures 4.6c-d. Therefore, the orientation of the SAM with respect to 

the P3HT film controls the polarity of the voltage offset between VGel and VG. This effect 

can be incorporated into Equation 4.5 by introducing ΔφSAM to reflect the offset of VF with 

respect to VG 

 
𝑉𝐺𝑒𝑙  ≈  𝑉𝐹 =

1

1 +
𝐶2𝐸

𝐶1𝐸

1
(1 − 𝑓)

𝑉𝐺
𝐶𝐺  ± Δ𝜙𝑆𝐴𝑀/𝑒 

(4.7) 

where ΔφSAM is negative if the SAM is located on the left arm of the floating gate (FG1) 

and positive if it is on the right arm (FG2) and e is the elementary charge. Equations 4.1 

and 4.7 are the basic working equations of FGTs. Equation 4.7 shows the impact of 

capacitance and work function changes on the control potential VGel and Equation 4.1 

relates VGel to the source-drain current, ID.  
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Sensitivity to SAM Thickness. Three alkylthiols of increasing length were used to 

measure the sensitivity of FGT response to SAM thickness: octanethiol, dodecanethiol, and 

octadecanethiol. (Note that MCH used previously is a 6 carbon chain). SAMs of these 

molecules were formed on the floating gate/secondary electrolyte interface (right arm) and 

the device response was measured by testing with and without a floating gate. The size of 

the right arm floating gate (AFG2) was set to 500AP3HT so that, according to Figure 4.5b, the 

reduced capacitance from SAM formation altered the response of the coupled EGT. This 

way, the device sensitivity to molecular-scale changes in capacitance was enhanced.196,235 

The schemes illustrate the impact of SAM location on the electrochemical potential at the 

primary gate with respect to the semiconductor (E
G
). P3HT (orange) is the reference point 

and upward arrows indicate a positive change in electron energy due to the interfacial work 

function (φ), while downward arrows indicate a negative change in energy. The 

electrochemical potential through the ion-gel bulk is assumed to be constant. (a) depicts 

the situation for a reference FGT without a SAM. (b) describes an FGT with a SAM on the 

primary electrolyte/floating gate interface (FG1, left arm). (c) is for an FGT with a SAM 

on the secondary electrolyte/floating gate interface (FG2, right arm). 

(a) 

(b) 

(c) 

Figure 4.7: Interface Functionalization.  
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In contrast, the area of the floating gate/secondary electrolyte interface (AFG2) in Figures 

4.6 and 4.7 was intentionally oversized so that reduction in C2E from SAM formation did 

not appreciably lower C2E with respect to C1E. That is, the capacitive coupling between VF 

and VG
CG

 was still at the maximum.  

The formation of a SAM at an electrode/electrolyte interface alters the surface 

potential of the electrode and also reduces the interfacial capacitance.210,232 This reduction 

in capacitance can be understood by modeling the SAM as a thin, parallel-plate capacitor 

in series with the larger, double-layer capacitor (1/C = 1/CSAM + 1/CDL ≈ 1/CSAM).233,236 

This result is illustrated in Figure 4.8a where dodecanethiol absorbed on the right arm of 

the floating gate causes a positive change in VT and a clear reduction in the slope of ID-VG 

curves.  We propose that the former effect is due to a combination of an altered surface 

potential and reduced capacitance while the latter effect is due to a reduced capacitance 

(a) shows the dependence of testing a device without (black) and with (red) a floating 

gate with a SAM of dodecanethiol absorbed on the floating gate. The ΔV
T
 is due to a 

combination of changing capacitance and surface potential while the change in slope is 

due to a change in capacitance. (b) shows V
Gel

-V
G
 curves for different lengths of 

alkylthiol. The slopes consistently decrease as the length is increased. The curves have 

been normalized by subtracting off the offset due to an altered surface potential. 

(a) (b) 

Figure 4.8: SAM Thickness on Floating Gate. 
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only. Figure 4.8b shows the VGel-VG curves as a function of SAM length after 

normalization. As the alkyl thiol length increases, dVGel/dVG decreases in support of this 

model. Figure 4.9 shows the calculated fraction of VG dropped (FV-drop) across the floating 

gate electrode for SAMs of the three alkyl thiols at AFG2/AP3HT = 500. The gradual increase 

in FV-drop is expected as the length (tSAM) of the SAM increases because CSAM ≈ κ-

SAMAFG2/tSAM and FV-drop ~ 1/CSAM. The results show that the presence of a SAM is easily 

observed for all lengths when compared to a bare gold electrode. Thus, FGTs are 

extraordinarily sensitive to capacitance at the floating gate/secondary electrolyte interface.  

4.5 Conclusions 

In this paper we have elucidated the major factors affecting the current-voltage 

response of FGTs. Convenient, hysteresis-free control of semiconductor conductivity (i.e., 

ID) requires a stepped reduction of electrode/electrolyte interfacial areas, i.e., ACG > AFG2 

≥ AFG1 > AP3HT. Equations describing FGT operation in simple terms have been developed 
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for an FGT with the right arm of the floating gate functionalized with 

octadecanethiol, dodecanethiol, octanethiol, and no SAM. The ratio of A
FG2

/A
P3HT

 = 500 

so that changes in C
2E

 would elicit a response. The error bars are the standard deviation of 

at least 5 devices. 

Figure 4.9: Device Response and SAM Length. 
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(e.g., Equations 4.1 and 4.7) that show FGTs are sensitive to both capacitance and work 

function changes on the floating gate. These effects were clearly demonstrated using SAMs 

to modify the work function and capacitance. The inherent sensitivity of FGTs to both work 

function and capacitance opens up intriguing opportunities to use these devices in a variety 

of sensing applications, where, for example, selective chemisorption provides a clearly 

measurable threshold voltage shift in the ID-VG characteristics.  

4.6 Supporting Information. 

 Derivation of Equations 4.2-4.3 

Considering the circuit in Figure 4.1C (two capacitors in series), a charge balance 

yields 

 𝑄𝐺𝑎𝑡𝑒 + 𝑄𝑃3𝐻𝑇 = 0 (S4.1) 

substituting in the definition of capacitance (Q = CV) 

 𝐶𝐺𝑎𝑡𝑒(𝑉𝐺𝑒𝑙 − 𝑉𝐺) + 𝐶𝑃3𝐻𝑇𝑉𝐺𝑒𝑙 = 0 (S4.2) 

and rearranging for Equation 4.2 after substituting C = CiA 

 
𝑉𝐺𝑒𝑙 =

1

1 +
𝐶𝑖,𝑃3𝐻𝑇𝐴𝑃3𝐻𝑇

𝐶𝑖,𝐺𝑎𝑡𝑒𝐴𝐺𝑎𝑡𝑒

𝑉𝐺 
(4.2) 

Rearranging further results in Equation 4.3, the fraction of voltage dropped at the gate 

electrode 

 
𝐹𝐺𝑎𝑡𝑒 =

𝑉𝐺 − 𝑉𝐺𝑒𝑙

𝑉𝐺
=

1

1 +
𝐶𝑖,𝐺𝑎𝑡𝑒𝐴𝐺𝑎𝑡𝑒

𝐶𝑖,𝑃3𝐻𝑇𝐴𝑃3𝐻𝑇

 
(4.3) 
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To overcome experimental limitations, mainly the 

variability of open circuit voltage of the quasi-

reference Pt electrode, we considered the slope of 

VGel-VG 

 𝑑𝑉𝐺

𝑑𝑉𝐺𝑒𝑙
= 1 +

𝐶𝑖,𝑃3𝐻𝑇𝐴𝑃3𝐻𝑇

𝐶𝑖,𝐺𝑎𝑡𝑒𝐴𝐺𝑎𝑡𝑒
 

(S4.3) 

When plotting this relationship, we found that the slope of dVG/dVGel with respect to 

AP3HT/AGate is ~8, representing the ratio of specific capacitances. However, the intercept 

was not unity, and instead 1.17. We attribute this area-independent potential drop to a 

combination of series resistance through the ion-gel bulk and a parallel resistance at the 

gate electrode interface due to charge transfer and electrode polarization. This is sketched 

in Figure S4.2.  

Additional data on hysteresis effects in FGTs. In addition to altering the 

relationship between VG and VGel, lowering the gate area also affects the hysteresis in an 

EGT. We observed a systematic increase in hysteresis, defined as the difference in VG 

between the forward and reverse sweep at the same ID (Figure S4.3A), with lowered gate 

area (Figure S4.3B). We attributed this to a combination of potential dependent 

capacitance, overpotentials associated with interfacial charge transfer, and mass transport 

limitations of ions into the P3HT film as discussed in the main text.  

Figure S4.2: Sketch of a More 

Advanced Equivalent Circuit of 

an EGT 
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Derivation of Equations 4.4-4.6 

Considering the circuit in Figure 4.1F (two capacitors in series and an additional parasitic 

capacitor), we compared the effect of applying VG to the floating gate (𝑉𝐺
𝐸𝐺𝑇) and control 

gate (𝑉𝐺
𝐶𝐺) by performing a charge balance and assuming ID directly reflects the charge on 

C1E (Q1E). 

 Δ𝑄1𝐸 = 0 (S4.4) 

Substituting in the definition of capacitance (Q = CV) yields 

 𝐶1𝐸𝑉𝐺
𝐸𝐺𝑇 − 𝐶1𝐸𝑉𝐹 = 0 (S4.5) 

Next, perform a charge balance on the node labeled “VF” in Figure 4.1F while assuming 

Q* = 0 to express VF in terms of 𝑉𝐺
𝐶𝐺  analogous to the derivation of Equation 4.2 

(a) is an EGT with A
Gate/

A
P3HT 

= 5 and a significant hysteresis of 380 ± 25 mV, calculated 

by measuring the difference in V
G
 between the forward and reverse sweep at the same I

D
. 

This calculation is repeated for multiple A
Gate

 values and plotted in (b) with a logarithmic 

fit in red.  

(a) (b) 

Figure S4.3: Hysteresis in an EGT. 
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𝑉𝐹 =

1

1 +
𝐶1𝐸

𝐶2𝐸

𝑉𝐺
𝐶𝐺  

(S4.6) 

Substitute Equation S4.6 into Equation S4.5 for Equation 4.4 in the text, 

 
𝑉𝐺

𝐶𝐺 = (
𝐶1𝐸

𝐶2𝐸
+ 1) 𝑉𝐺

𝐸𝐺𝑇 
(4.4) 

Next, introducing a stray capacitor with Q* stored on it requires modification of the charge 

balance on the node labeled “VF” 

 𝑄1𝐸 + 𝑄2𝐸 + 𝑄∗ = 0 (S4.7) 

Substituting in the definition of capacitance furnishes 

 𝐶1𝐸𝑉𝐹 + 𝐶2𝐸(𝑉𝐹 − 𝑉𝐺
𝐶𝐺) + 𝑄∗ = 0 (S4.8) 

Rearranging results in Equation 4.5 in the text, 

 
𝑉𝐹 =

𝐶2𝐸

𝐶1𝐸 + 𝐶2𝐸
𝑉𝐺

𝐶𝐺 −
𝑄∗

𝐶1𝐸 + 𝐶2𝐸
  

(4.5) 

To account for Q* empirically, we assumed that it is a constant fraction of the charge stored 

in C2E, but opposite in sign, so that 𝑓 = 𝑄∗/−𝑄2𝐸 and substituted this into Equation 4.5 

 
𝑉𝐹 =

𝐶2𝐸

𝐶1𝐸 + 𝐶2𝐸
𝑉𝐺

𝐶𝐺 +
𝑓𝐶2𝐸(𝑉𝐹 − 𝑉𝐺

𝐶𝐺)

𝐶1𝐸 + 𝐶2𝐸
 

(S4.9) 

Rearranging for VF in terms of 𝑉𝐺
𝐶𝐺  yields 

 
𝑉𝐹 = (1 − 𝑓)

1

1 +
𝐶1𝐸

𝐶2𝐸

𝑉𝐺
𝐶𝐺 + 𝑓

1

1 +
𝐶1𝐸

𝐶2𝐸

𝑉𝐹 
(S4.10) 

 
( (1 − 𝑓) +

𝐶1𝐸

𝐶2𝐸
) 𝑉𝐹 = (1 − 𝑓)𝑉𝐺

𝐶𝐺  
(S4.11) 
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𝑉𝐹 =

1

1 +
1

1 − 𝑓
𝐶1𝐸

𝐶2𝐸

𝑉𝐺
𝐶𝐺 

(S4.12) 

Substituting Equation S4.12 back into Equation S4.5 above results in Equation 4.6 in the 

text, 

 
𝑉𝐺

𝐶𝐺 = (
𝐶1𝐸

𝐶2𝐸

1

1 − 𝑓
+ 1) 𝑉𝐺

𝐸𝐺𝑇 
(4.6) 
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(a) is a scanning kelvin probe micrograph of a gold strip functionalized with MCH and (b) 

is scanning kelvin probe micrograph of a gold strip functionalized with NFH.  

(a) 

(b) 

Figure S4.4: Scanning Kelvin Probe Micrographs of Thiol SAMs. 
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5. Rapid, Selective, Label-Free Aptameric Capture and 

Detection of Ricin in Potable Liquids Using a Printed 

Floating Gate Transistor 

5.1 Abstract.  

We report a label-free method to quantify protein levels using a combination of 

printed electronic and microfluidic technologies. The protein, in this case ricin, is captured 

by a floating electrode functionalized with a DNA aptamer. The binding is transduced into 

an amplified potentiometric signal by a printed, electrolyte-gated transistor (EGT). 

Microfluidic channels physically separate the active sensor surface from the EGT-

transducer, permitting the capture of ricin down to 30 pM (1 ng/mL) in buffer and 300 pM 

(10 ng/mL) in orange juice and milk in the absence of pre-concentration. The assay is flow-

based, leading to measurement in minutes since no pre-processing, enzymatic reaction, or 

rinsing steps are needed. Its easy fabrication, multiplexability, simple operation and facile 

analysis, combined with rapid 

quantitation at clinically relevant levels, 

make this strategy a promising approach 

to parallelized monitoring of toxin levels 

in food and other environmental 

samples. 

5.2 Introduction 

Rapid detection of toxic proteins remains a crucial challenge for homeland 

security,237 food safety,238 and disease diagnosis.239,240 Sandwich immunoassays such as an 

Enzyme-Linked Immunosorbent Assay (ELISA) are the gold standard for detection, but 

Figure 5.0: Overview Sketch. 
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rely on time- and labor-intensive antibody labeling of immobilized analytes.241 

Alternatively, lateral flow assays (LFAs) mitigate the laboratory infrastructure and labor 

issues, but suffer from complex quantitation methods242,243 and poorer detection limits.244 

Significant efforts are underway to develop new chemical analysis technologies, including 

electrochemical,245 Raman,246 surface plasmon resonance,247 and piezoelectric248 sensors, 

that can achieve clinically relevant detection limits much faster than conventional methods. 

However, these techniques require complex laboratory equipment and analysis or pre-

processing steps for samples extracted from complex media (e.g. food). Additionally, the 

use of analyte-specific transduction methods can limit the scope of their applicability; in 

most cases, a detector adaptable for chemically diverse analytes is preferred.238,249,1 

We report a label-free, transistor-based method to measure the concentration of 

ricin, an easily obtained toxic protein,237 in complex media using a combination of printed 

electronic and microfluidic technologies.250 The specificity for ricin is achieved with a 

nucleic acid aptamer251 which, compared to an antibody, is more stable, easier to 

synthesize, and more chemically versatile.15,16 The focus here is placed on aptameric 

detection of ricin, but this sensor platform should be applicable to detection of other 

proteins for which suitable capture aptamers or antibodies are known. The sensor is based 

on a floating gate transistor (FGT) architecture. As shown in Figure 5.1A, the poly(3-

hexylthiophene) (P3HT) semiconductor channel on the left side of the device is coupled to 

the left arm of a floating gate electrode (FG-L) by means of a non-aqueous gel electrolyte. 

The right arm of the floating gate (FG-R) is in turn coupled via aqueous electrolyte to the 

electrically addressable control gate (CG) on the right side of the device. The FG-R is also 

functionalized with aptamers (Figure 5.1B) and it is the sensor capture surface. Two 
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microfluidic channels fit over the FG-R and the CG (Figure 5.1C); one channel feeds the 

sample medium to the FG-R and the other feeds clean aqueous electrolyte to the CG. The 

streams merge such that there is flow over both electrodes and a continuous ionically 

conducting path between them. The CG flow stream keeps the sample fluid from fouling 

the CG surface. Convective flow over the FG-R decreases mass transport limitations and 

improves the response time of the device.182,254,154 

  In the absence of ricin, sweeping the potential at the CG produces a marked change 

in conductivity of the P3HT channel; the change in conductivity occurs abruptly at a certain 

trip voltage, VT (see Figure S5.1).250,255 When ricin binds to the aptamer-functionalized 

FG-R, the trip voltage VT changes. This shift in VT is the basis of the sensor.  

(a) Side- and top-view of the FGT biosensor consisting of P3HT and an ion-gel along 

with the floating-gate (FG) electrode coupled to the control gate through an aqueous 

electrolyte. (b) Active surface of the sensor with the FG/aqueous interface functionalized 

with a PEG-SH blocking layer and aptamers that specifically capture ricin. (c) 

Microfluidic schematic with the analyte containing sample flowed over the FG in purple 

and buffer over the control gate in blue. (d) Equivalent circuit of the biosensor with the 

FGT in series with a resistor (RL). 

Figure 5.1: Sensor Schematic. 
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In order to conveniently detect the VT shift and to amplify it, we have connected 

the floating gate transistor to a series resistor (Figure 5.1D). This simple circuit is an 

inverter. The red trace in Figure 5.2A shows the quasi-static response of the inverter in the 

absence of ricin; the voltage Vin applied to the CG was swept slowly and the output voltage 

Vout between the transistor and the resistor was recorded.  As is the case for an inverter, 

Vout is high when Vin is low and Vout is low when Vin is high. The trip voltage VT of 

the inverter is labeled. The blue curve in Figure 5.2A is the response after exposure of the 

(a) Quasi-static measurement of Vout as Vin is swept before (red) and after (blue) ricin 

exposure. The black curve is the difference in these to measurements at the same Vin. (b) 

Raw output of devices exposed to increasing ricin concentration. 

Figure 5.2: Protein Detection with FGTs. 
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aptamer-functionalized FG-R to a very high concentration of ricin subunit B (>1 μg/mL, 

>300 nM). The blue trace is shifted negatively with respect to the red curve, and the black 

curve is the difference between the traces, ∆Vout. This differential response peaks at Vin ≈ 

+0.15 V where the inverter gain (dVout/dVin) is maximum. ∆Vout is the signal response of 

the device and is proportional to ricin concentration, as we will show. In Figure 5.2A, the 

gain is ~2 but increases to 5 for lower concentrations of ricin. The possibility of much 

higher gains (and correspondingly larger ∆Vout) for suitably optimized floating gate 

inverters is an attractive feature of this transistor sensor design.  

In practice, we obtain ∆Vout by subtracting the output of a reference inverter not 

exposed to ricin from the output of an inverter exposed to ricin. The test and reference 

inverters are fabricated side-by-side and form two arms of a differential amplifier (Figure 

S5.1). A 13 Hz, sinusoidally-varying input signal Vin is fed simultaneously to the CG of 

FGTs are placed in series with a load resistance (RL) with a driving voltage (VDD) set 

across them. The Reference FGT is functionalized with only PEG while the Test FGT 

has PEG and aptamers for ricin. The AC input voltage (Vin) modulates the conductivity 

of the FGTs and is read as a ΔVout between them. 

Figure S5.1: Equivalent Circuit of Differential Amplifier Scheme. 
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both the test and reference inverters and ∆Vout is recorded. The signal is monitored as the 

sample stream flows over the floating gate182 and recorded until the signal is stable for ~10 

min.   

The ∆Vout waveforms for ricin concentrations of 30 pM, 3 nM, and 300 nM are 

shown in Figure 5.2B for an AC-input of ±0.3V at 13 Hz when ricin is dissolved in buffer 

(PBS 1x). As seen in Figure 5.2A, the ±0.3V sweep covers much of the non-zero range of 

∆Vout. The peaks in ∆Vout in Figure 5.2B occur at Vin ≈ +0.15 V and -0.2 V and there is no 

mirror symmetry about the time ωt = 0.5, owing to hysteresis with respect to Vin as the 

transistor is switching between “ON” and “OFF” states at shifted Vin’s (see Figure 5.2A). 

The systematic increase in both peak height and area as a function of ricin concentration 

demonstrates the quantitative capability of the FGT sensor. 

The maximum ∆Vout over one waveform for various protein concentration are plotted. 

The blue curve is ricin from PBS buffer, the orange is ricin from orange juice, the 

unfilled black squares are ricin from milk, and the purple curve is BSA from PBS 

buffer. Error bars represent the standard deviation of 3-5 devices. 

Figure 5.3: Dose-Response Curves. 
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The peak ∆Vout was used for quantitation and plotted in Figure 5.3. The blue curve 

is the data when ricin is present in buffer (PBS 1x) and shows a monotonic dependence on 

ricin concentration. The red curve is the corresponding response when an equivalent 

concentration of bovine serum albumin (BSA) in PBS flows over the FG-R, representing 

a control experiment for non-specific adsorption. The negative control signals are ~300x 

smaller than those for equivalent concentrations of ricin, demonstrating the specificity of 

the immobilized aptamer and the efficacy of the PEG-SH blocking layer. The limit of 

detection for ricin is 30 pM (1 ng/mL) and the device requires an exposure of only ~0.5 ng 

of ricin in order for the surface to be completely covered (as low as 0.5 μL at high 

concentration). These concentrations and volumes are well within the clinically relevant 

levels for ricin given that the LD50 is ~20 μg/kg-body-weight.237  

Figure 5.3 shows data for ricin quantitation in orange juice (orange curve) and 2% 

milk (black curves). The reference device subtracts alterations at the complex media/buffer 

interface (e.g. liquid/liquid junction potential) so that the resulting signal is only due to 

changes at the electrode/electrolyte interface.17 The highest signal obtained from ricin 

binding in complex media is ~100 mV less than that obtained in clean buffer (at 

concentrations > 300 nM). The dissociation constant of the aptamer (KD) is approximately 

the concentration when ΔVout is half this value, and shifts to higher concentrations when 

ricin is extracted from complex media (~10 nM compared to 1 nM). These effects lead to 

a poorer limit of detection for ricin in milk and orange juice of 0.3 nM (10 ng/mL), ten 

times higher than that for clean buffer. The values of KD obtained are consistent with 

previous reports using this aptamer and on par with ricin antibodies.10 The higher values 

of KD in complex media are also expected and are attributed to interference by complex 
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ions and small molecules in the food matrix with the aptamer-protein complex.246 On the 

molecular level, these interactions may alter the conformation of either the aptamer or ricin, 

effectively lowering the binding affinity of the aptamer-protein complex.256,257,258 

Nonetheless, the quantitative range is clinically relevant for ricin and the bypassing of time-

consuming filtering, rinsing, and washing steps is a clear advantage of the FGT 

approach.237,249,259 

The molecular origin of this signal is the excess interfacial charge at the FG-R due 

to bound ricin.260 The screening of this excess charge by counter-ions alters the surface 

potential of the FG-R with respect the bulk electrolyte potential, causing the observed 

shift261 even when the Debye screening length of the electrolyte is smaller than the size of 

the bound protein261 (Table S5.1). The change in potential across the FG-R interface (𝜙) 

required to screen interfacial charge (𝜎) can be approximated by  

 
𝜎 =  √8𝜖𝜖0𝑒𝑁𝐴𝑉𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝐶𝑖𝑜𝑛𝑠 sinh (

𝜙

2𝑉𝑡ℎ𝑒𝑟𝑚𝑎𝑙
) 

(5.1) 

where 𝜖 is the dielectric constant of the interface, 𝑒 is the elementary charge, 𝑁𝐴 is 

Avogadro’s number, 𝑉𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is ~25 mV at room temperature, 𝐶𝑖𝑜𝑛𝑠 is the concentration 

of ions in solution, and 𝜙 is the surface potential of the electrode interface with respect to 

the bulk electrolyte.261 For small changes in interfacial properties, Eq. 5.1 is approximately 

linear. For larger changes, corresponding to larger amounts of bound ricin, non-linear 

effects become important.261 Additionally, high coverages of bound ricin can incur non-

primary binding sites that alter the interfacial charge distribution and corresponding signal 

transduction. Future efforts will strive to distinguish nano- and macro-scale non-

linearities.256,257,258 
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In summary, we demonstrated quantitative detection of ricin from complex food 

matrices with a printed FGT. Compared to our previous work on DNA hybridization,250 

the limit of detection of our new approach is nearly two orders of magnitude lower (when 

corrected for the lower KD for the ricin-aptamer system) and similar to other methods 

requiring more time, optical laboratory equipment, chemical labeling, and/or pre-

concentration.237,245,246,248 The improved performance is attributed to noise suppression 

from reference device integration and AC testing modality262 along with the specificity 

provided by the nucleic acid aptamers and precise control of fluid volumes provided by 

microfluidic patterning. The flexibility of the sensing mechanism to other analytes and 

antigens will be pursued in future work.  

Supporting Information. The supporting information herein begins with an 

illustrative sample experiment to show the changes in semiconductor current (Figure S5.2) 
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rather than the inverted output voltage in Figure 5.2a in the main text. The following table 

(Table S5.1) summarizes the signal-to-noise ratio for devices exposed to high 

concentrations of ricin in solutions of varied ionic strength.  The signal is defined as the 

maximum change in voltage and the noise is the maximum  

fluctuation from a blank solution. This table illustrates that complete screening of 

interfacial charge does not drastically inhibit signal transduction. The equivalent circuit in 

Figure S5.2 represents an upgraded and more advanced circuit from the inverter circuit in 

Figure 5.1d by including the reference device. The rest of the provided information is 

dedicated to experimental materials, methods, and design. It includes a schematic (Figure 

S5.3) that illustrates the relative sizes of the electrodes and microfluidic channels.  

Experimental Methods 

 Materials.  Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals, Inc. 

and stored in an inert environment. 1-ethylmethyl imidazolium 

bis(trifluoromethyl)sulfonylimide (EMIM/TFSI) was purchased from EMD Millipore, Inc. 

The ionic strength of the secondary electrolyte was varied from distilled water 

(10
-7 

M) to Phosphate Buffered Saline (PBS 10x) (1 M). The signal is defined 

as the max ΔVout under exposure to high concentrations of ricin (>1 μg/mL). 

The background is defined as the max ΔVout when the blank buffer is flowed 

over the floating gate. Error is the standard deviation of 3 devices. 

  

Table S5.1: Signal-to-Background in Ionic Strength. 
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and stored in an inert environment. Polystryene-b-methylmethacrylate-stryene (SMS) was 

synthesized by a previously reported procedure by Zhang et al.156 The ion-gel was a 

mixture of SMS and EMIM/TFSI at 1:9 by weight. Poly(ethylene glycol) methyl ethyl thiol 

(PEG-SH, Mn = 800) was purchased from Sigma-Aldrich and used as received. Aptamers 

were purchased from the Integrated DNA technologies with the sequence: HS-C6H12-5’ –

ACA-CCC-ACC-GCA-GGC-AGA-CGC-AAC-GCC-TCG-GAG-ACT-AGC-C-3’. Ricin 

B was purchased from Vector Laboratories. 

 Device Fabrication. Cr/Au (5 nm/30 nm) electrodes were photolithographically 

patterned onto a silicon wafer. Organic materials were printed with an Aerosol-Jet 200 

Printer (Optomec, Inc.). For printing, P3HT was dissolved in chloroform at 1 mg/ml then 

terpineol was added as a cosolvent at 0.1 ml per ml of chloroform solution. The solution 

was printed with a 150 μm nozzle using a carrier gas flow rate of 10 ccm and a sheath gas 

The sizes of electrodes are labeled in black, the geometry of microfluidic channels is 

outlined in blue, and the inlets/outlets are labeled in purple.  

Figure S5.3: Schematic of Floating-Gate Transistor.  
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flow rate of 20 ccm. The ion-gel was mixed with ethyl acetate at a ratio of 1:9 by weight, 

stirred overnight, and then printed with a 150 μm nozzle, but with a carrier gas flow rate 

of 20 ccm and a sheath gas flow of 25 ccm. Poly(styrene) was dissolved in chloroform and 

terpineol (10:1 by volume) at a concentration of 5 mg/mL with the 150 μm at a carrier gas 

flow rate of 20 ccm and a sheath gas flow rate of 30 ccm. More details on the printing 

process have been reported previously.144 

 Microfluidics. Microfluidic flow channels were imprinted into 

poly(dimethylsiloxane) (PDMS) molds from an SU8 master.263 The base and curing agent 

were poured onto the SU8 master at a ratio of 10:1 then heated at 75oC for 2 hours. The 

imprints were 150 μm high in a pattern that outlined the right arm of the floating-gate 

electrode and control gate electrode. The imprints over the floating-gate electrode were 

extended to two inlets/outlets such that a solution injected through one inlet (Inlet 1, Figure 

S5.3) interacted with the right arm of the floating gate. Another inlet (Inlet 2, Figure S5.3) 

was imprinted above the control gate so that solution will flow over the control gate to the 

outlet (Outlet, Figure S5.3).  

 Interface Functionalization. Once fabricated, the right arm of the floating gate is 

cleaned by flowing sodium borohydride at 0.5 M for 1 hour, then rinsed with distilled 

water. Aptamers are then dissolved in Tris buffer with 0.1 M NaCl and flowed over the 

right arm of the floating gate overnight (>16 hours) to give a resulting coverage of ~2 

pmol/cm2.264 PEG-SH is then dissolved in distilled water at 1 mM and flowed over the 

right arm of the floating gate for 2 hours. Finally, the interface was rinsed with buffer. This 

strategy was used to fabricate the Test Sensor. The Reference Sensor was fabricated in the 
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same manner but without aptamers so that only the PEG-SH blocking layer was on the 

floating gate. 

 Testing. An input voltage (Vin = V0 + V1 sin(ωt)) is applied to the control gate of 

each device. At the same time, the output voltage between the transistor and a constant 

resistor loaded inverter (RL = 1 MΩ) is measured. V1 is fixed at 0.3 V, while V0 is tuned 

so that the resistance of the transistor is equal to RL when Vin = V0 (typically, V0 = -0.1 V 

to +0.1 V). This way, the resulting ΔVout is approximately zero for all Vin. PBS buffer (0.1 

M) is then flowed over the right arm of the floating gate at 1 μL/min in one stream (Inlet 1 

to Outlet) and over the control gate (Inlet 2 to Outlet) at 0.1 μL/min and while monitoring 

ΔVout to measure the background. Then, ricin is flowed at 1 μL/min over the floating gate 

(Inlet 1 to Outlet) at various concentrations in either PBS, orange juice, or milk and ΔVout 

is monitored until it reaches a stable value for ~10 minutes.  
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6. Detection and Sourcing of Gluten in Grain with 

Multiple, Tunable Floating-Gate Transistor Biosensors 

6.1 Abstract 

We report a chemically tunable electronic sensor for quantitation of gluten based 

on a floating-gate transistor (FGT) architecture. The FGTs are fabricated in parallel and 

each one is functionalized with a different chemical moiety designed to preferentially bind 

a specific grain source of gluten. The resulting set of FGT sensors can detect both wheat 

and barley below the gluten-free limit of 20 ppm while providing a source-dependent 

signature for improved accuracy. This label-free transduction method does not require any 

secondary binding events, resulting in a circa 45 

min reduction in analysis time relative to state-of-

the-art ELISA kits with a simple and easily 

implemented workflow. 

6.2 Introduction 

Gluten is an umbrella term for a variety of storage proteins found in plants such as 

wheat, barley, and oats.265,266 Gluten elicits an allergenic response in people who suffer 

from celiac disease, comprising ~1% of the population.267,268 Gluten exposure is a serious 

health issue for this population, whose collective hospital visits amount to thousands of 

dollars per patient (billions of dollars in total) due to dietary complications.269,270 An 

additional ~10% of the population is suspected to have at least a mild gluten sensitivity.271 

    Enzyme-linked immunosorbent assays (ELISA) are the dominant method for 

gluten detection272 but they suffer from poor quantitation,273 inconsistencies in varied 

media,274,275 and variability across manufacturers.48 The analytical challenge arises from 

 

 

         

     

Figure 6.0: Overview Sketch. 
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the variable chemistry of the gluten proteins found in the endosperm of plants such as 

wheat, barley, and some oats.265,266 They all share chemical commonalities that trigger an 

allergenic response in celiac disease but their structural chemistry varies as a function of 

plant source,266,276 cultivar,277 and processing conditions.278 As a result, different 

antibodies, such as the Skerrit antibody,279 the G12 antibody,53 and the R5 antibody,53 have 

been developed for gluten ELISA. Inevitably, different gluten sources have different 

dissociation constants for a given antibody,280 making it challenging to establish a gluten-

free limit of  < 20 ppm in all food sources using a single ELISA test. For example, the 

Skerrit antibody was developed from an immune reaction to ω-gliadin. While an excellent 

antibody for detecting  ω-gliadin, the Skerrit antibody also binds other gluten sources.279 

When the Skerrit antibody is used as a generic binding agent for gluten, sources that are 

not dominantly ω-gliadin but otherwise above the gluten-free limit result in false 

negatives.281  

The extraction of solid gluten proteins into a liquid matrix poses another 

considerable challenge.280 Gluten is generally divided into two fractions: the ethanol 

soluble prolamin fraction and the insoluble glutenin fraction.266,277,280 The ratio of these 

fractions in plants is assumed to be 1:1 but has been reported up to 1.5:1 or 1.7:1 in various 

conditions.280 The convolution of the variability of the gluten chemistry and the variability 

of extracted proteins leads to significant variability when the same sample is tested using 

different gluten immunoassay kits, up to 50% or even 100%.48  

The limitations in ELISA have motivated the development of new methods for 

gluten detection. One approach uses DNA-based sensors for cases where antibody-based 

methods fail due to changes during food processing, for example during beer 
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production.282,283 A second approach replaces the antibody with a DNA aptamer having 

enhanced stability.87,284 Impedimetric285 and electrochemical286 sensors using DNA 

aptamers for gluten have achieved improved limits of detection for common gluten samples 

when compared to conventional ELISA.287,288 However, the sensitivity of a binding-based 

assay is always limited by the affinity of the binding agent for the target. If one wants to 

comprehensively assess the gluten content in food, more sophisticated proteomic methods 

that do not rely on affinity, such as mass spectrometry, are required277,289,290 to overcome 

the limited reactivity of a single binding agent with classes of gluten samples that are not 

optimal for that binder.287,291 In addition to detecting the presence of gluten, mass 

spectrometry can also provide information about the gluten source (e.g. wheat gluten or 

barley gluten). Unfortunately, current proteomic methods require a substantial increase in 

time, cost, and operator expertise relative to immunological methods, limiting their impact 

in practical applications.282 

Motivated by the limitations of existing methods, we have developed an 

immunological assay based on floating gate transistors (FGTs) that bridges the gap between 

ELISA and mass spectrometrometry.48,277,282 Compared to commercial ELISA kits, our 

method better quantifies gluten in less time, while also being far easier to use than mass 

spectrometers due to the minimal number of processing steps and automated sample 

handling. We have previously shown how this rapid, FGT biosensing technology, which 

combines printed electronics and microfluidics, leads to a label-free, potentiometric 

transducer for sensing biomacromolecules such as DNA3 and proteins.4,5 In contrast to 

conventional ELISA methods, the FGT signal depends on intrinsic changes at the sensor 

surface. As a result, secondary binding events48,292 are not necessary. This reduces the time 



93 

 

to transduction by at least 30 min, an improvement similar to advanced microfluidic-

ELISAs,293 and also circumvents problems when the secondary epitope is altered during 

processing, for example when cooking food. Eliminating the need for a secondary binding 

event also permits detection directly from gluten extraction cocktails, which contain high 

concentrations of reducing agents that can sometimes interfere with complex protein-

protein ligand binding, thereby minimizing the reaction time.280 The set of FGT sensors 

developed here represent a developmental step of immunoassays analogous to those by 

Luminex Multiplex Assays294,295 but with streamlined manufacturing and operating 

protocols.  By systematically altering the binding chemistry of the sensor and comparing 

the response as a function of gluten source, we demonstrate that our approach can not only 

determine the presence of gluten, but also has the sensitivity to provide a chemical 

fingerprint for the gluten source. 

6.3 Experimental Methods 

Materials.  Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals, Inc. 

and stored in an inert environment. 1-ethylmethyl imidazolium 

bis(trifluoromethyl)sulfonylimide (EMIM/TFSI) was purchased from EMD Millipore, Inc. 

and stored in an inert environment. Polystryene-b-methylmethacrylate-stryene (SMS) was 

synthesized by a previously reported procedure by Zhang et al.296 The ion-gel was a 

mixture of SMS and EMIM/TFSI at 1:9 by weight.  

Gliadin (PWG) was purchased from Prolamin Working Group as a mixture of 

various plant sources.297 Wheat gluten and barley gluten were obtained from a local Co-op 

as ground baking ingredients. The gli4 aptamer developed by Amaya-Gonzalez et al.284 

was purchased from Integrated DNA Technologies with the sequence: HS-C6H12-5’ – 
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CCA-GTC-TCC-CGT-TTA-CCG-CGC-CTA-CAC-ATG-TCT-GAA-TGC-C-3’. Wheat 

antibody G12 was purchased from Biomedal. A custom barley antibody (BAb) was 

obtained from Pacific Immunology Inc. by sending them the barley extract (from the local 

Co-op baking ingredient) and receiving the purified immune response of rabbits. The 

gluten extraction matrix (often referred to as a “cocktail”) was an established recipe280 

comprising 250 mM of beta-mercaptohexanol (Sigma Aldrich) and 2 M Guanidine HCl 

(Sigma Aldrich). 11-mercaptoundecanoic acid and poly(ethylene glycol) methyl ethyl thiol 

(PEG-ylated thiol, Mn = 800) were purchased from Sigma-Aldrich and used as received.  

Device Fabrication. Devices were fabricated using the printing process reported 

previously298 by first photolithographically patterning a chrome adhesion layer for gold 

electrodes  (5 nm/30 nm) and then printing the organic materials with an Aerosol-Jet 200 

Printer (Optomec, Inc.) using a 150 μm nozzle. For printing, P3HT was dissolved first in 

chloroform at 1 mg/ml and then terpineol was added as a co-solvent at 0.1 ml per ml of 

chloroform solution. The solution was printed using a carrier gas flow rate of 10 ccm and 

a sheath gas flow rate of 20 ccm. The ion-gel was mixed with ethyl acetate at a ratio of 1:9 

by weight, stirred overnight, and then printed using a carrier gas flow rate of 20 ccm and a 

sheath gas flow of 25 ccm. Poly(styrene) was dissolved in chloroform and terpineol (10:1 

by volume) at a concentration of 5 mg/mL at a carrier gas flow rate of 20 ccm and a sheath 

gas flow rate of 30 ccm. More details on the printing process have been reported 

previously.298  

Microfluidics. Microfluidic flow channels were imprinted into 

poly(dimethylsiloxane) (PDMS) molds from an SU8 master.299 The base and curing agent 

were poured onto the SU8 master at a ratio of 10:1 then heated at 75 C for 2 h. The imprints 
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were 150 μm high in a pattern that outlined the right arm of the floating-gate electrode (FG-

R, Figure 6.1C) and the control gate electrode. The imprints over the floating-gate electrode 

were extended to one inlet port and one outlet port such that a solution injected through the 

inlet flows over FG-R. Another inlet was imprinted above the control gate so that solution 

flows over the control gate to the outlet.5 

Interface Functionalization. Once fabricated, FG-R was cleaned by flowing 

sodium borohydride at 0.5 M for 1 h, then rinsed with distilled water.  

For aptamer functionalization, aptamers were dissolved in Tris buffer with 0.1 M 

NaCl at 1 µM and flowed over FG-R overnight (>16 h), leading to a coverage of ~2 

pmol/cm2.300 PEG-ylated thiol was then dissolved in distilled water at 1 mM and flowed 

over FG-R and the Control Gate for 2 h. Finally, the interface was rinsed with buffer.  

For antibody conjugation, FG-R was functionalized first with 11-

mercaptoundecanoic acid (-COOH) and PEG-ylated thiol at a concentration of 1 mM in 

ethanol/water (50/50 v/v) and a acid:PEG ratio of 1:9. The surface was rinsed and then 

reacted with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) at 5 

mM and N-Hydroxysuccinimide (NHS) at 2 mM in MES buffer for 15 min. Following the 

reaction, the surface was rinsed with phosphate buffered saline solution. The activated 

surface was then exposed to an antibody solution at  a concentration of 0.1 mg/mL for 2 h 

to form an amide bond with the -COOH groups on the electrode surface.301 The 

concentration of the protein solutions was confirmed using a Thermo-Fisher Nanodrop to 

measure the absorbance of protein solutions at 280 nm. 
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These strategies were used to fabricate the Test Sensor. The Reference Sensor was 

fabricated in the same manner but without aptamers (or antibodies), so that only the PEG-

ylated thiol blocking layer was on the floating gate. 

Testing Protocol. The gluten samples were extracted with the extraction cocktail 

following established protocols.280 For the PWG gliadin sample, the powder was simply 

massed and then diluted to a desired concentration followed by vortex mixing. For the 

wheat and barley samples, 100 mg were massed and then diluted in 1 mL of extraction 

cocktail, vortexed, allowed to dissolve at room temperature for 30 min, and centrifuged for 

10 min. The resulting solution was diluted to the desired protein concentration based on 

the gluten concentration determined by ELISA.  

To measure a baseline, the microfluidic channels on a test and reference FGT were 

first filled with extraction cocktail without any gluten sample. An input voltage, Vin = V0 

+ V1 sin(ωt), was applied to the control gate of each device (Figure 6.1C). At the same 

time, the output voltage between the transistor and the resistor (RL = 1 MΩ) in Figure 6.1C 

was measured. V1 was fixed at 0.4 V, while V0 was tuned so that the resistance of the 

transistor was equal to RL when Vin = V0. Typically, this requires that V0 be between -0.3 

V and+0.3 V. The resulting ΔVout = Vout, Test FGT – Vout, Ref. FGT is then approximately zero 

for all Vin. The frequency is ω = 13 Hz. The measurement was repeated 5-10 times at a rate 

of once per min. This procedure is very similar to that reported elsewhere.5 

The equivalent circuit for our device is outlined in Figure 6.1B. The resulting ΔVout 

waveforms are averaged and recorded as the “blank” in Figure 6.2A. This step occurs 

during the centrifugation or dissolution of the gluten sample. 
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In the second step of the measurement, FG-R was exposed to the gluten sample 

through microfluidic sample delivery for 30 min at a rate of 1 µL/min, and then rinsed with 

blank extraction cocktail. The flow was stopped and then the same input waveform used in 

the first step was applied for 5-10 min at a rate of once per min. The resulting ΔVout 

waveforms were averaged and the peak ΔVout was recorded as the signal corresponding to 

the input concentration of gluten.  

ELISA. GlutenTox® Sandwich ELISA kits were purchased from Biomedal and 

used according to the manufacturer protocol.292  

6.4 Results 

The FGT biosensor is depicted in Figure 6.1. The sensors are fabricated in parallel 

with each “pixel” defined by the chemistry of the sensor surface (Figure 6.1A). The core 

of the sensor is a floating gate electrode with two arms. The left arm (FG-L) is connected 

to a printed semiconductor (poly(3-hexylthiophene) or P3HT) via an ion-gel electrolyte 

that permits very low voltage operation (<1 V) (Figure 6.1A-C).3,5,298 The right arm (FG-

R) is connected to the microfluidic network via an aqueous electrolyte that, in this work, is 

an extraction cocktail that solubilizes gluten proteins in food samples (250 mM of beta-

mercapto hexanol and 2 M of guanidine HCl in water).280 The gluten extract is contained 

by PDMS microchannels that guide the flow of the sample over FG-R only (Figure 6.1C). 

The flow decrease the binding time relative to ELISA by at least 15 min.293  

The sensor surface on FG-R is functionalized to specifically capture gluten from 

the extract while minimizing non-specific adsorption. The capture agents were: (i) an 

aptamer (gli4) designed to bind the active 33-mer epitope of gluten developed by Amaya-
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Gonzalez et al.;87,287 (ii) the commercially available G12 antibody generated to bind wheat 

gluten;53 and (iii) a custom barley antibody developed by Pacific Immunology Inc. (BAb).  

Upon binding, the gluten proteins are concentrated at the sensor surface, raising the 

interfacial charge;4 the high proline content of soluble gluten renders it negatively charged 

at neutral pH.266 This alteration in interfacial charge distribution changes the surface 

potential relative to the bulk of the aqueous electrolyte, illustrated schematically by the 

voltage shift δ in Figure 6.1D.299 The potentiometric perturbation alters the output of the 

device at a given Vin. The experiment is conducted on a Test Sensor and a Reference Sensor 

in parallel, leading to the equivalent circuit in Figure 6.1B. The output of the device is 

obtained as the difference between the responses of the two devices, which we denote as 

Vout. 

(a) Photograph of a set of FGTs. (b) Equivalent circuit for a pair of FGTs that are placed 

in parallel with a load resistance (RL) and a driving voltage (VDD) set across them. The 

Reference FGT is functionalized with only PEG-ylated thiol while the Test FGT has 

PEG and chemical binders for gluten. The input voltage (Vin) modulates the 

conductivity of the FGTs and the response is read as a ΔVout between the two sensors. 

(c) Schematic of a single FGT with materials and electrodes labeled along with the flow 

path of the sample. (d) Schematic illustration of the active sensor surface with a capture 

agent (antibody or aptamer) on FG-R. The binding of gluten to the surface causes a 

change in the potential (green curve) that leads to a voltage shift.  

Figure 6.1: Device Architecture. 
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For our experiments, we would like to determine the relationship between Vout 

and the gluten concentration. This requires knowledge of the mass fraction of gluten in the 

grain sample and the solubility factor,  

 
𝐶i

∗ =
𝑚0𝑋0𝑓0

(1 + 𝐷)𝑉0
 

(1) 

where 𝑚𝑜 is the mass of grain, 𝑉0 is the volume of extraction cocktail, 𝑓0 is the fraction of 

gluten that is soluble in the extraction cocktail (assumed to be 0.5 here266), 𝑋0 is the weight 

fraction of gluten in the stock (w/w) determined from standard ELISA kits, 𝐷 is the 

dilution, and 𝐶𝑖
∗ is referred to as the “true concentration” of gluten exposed to an FGT with 

functionalization 𝑖 (𝑖 = Apt, G12, or BAb). We used two sources of grain gluten: wheat and 

barley. The gluten mass fractions of these sources were measured with a GlutenTox® 

ELISA kit to be 𝑋0
𝑊 = 1.3% (w/w) in wheat and 𝑋0

𝐵 = 0.5% (w/w) in barley.292 Due to 

this disparity in gluten concentrations of the food material, the extracted supernatants were 

diluted differently (see Methods) in order to set the gluten concentration 𝐶𝑖
∗ exposed to the 

sensor to be within the desired range.  

Note that, with this protocol, we are operating under the assumption that the ELISA 

kit provides an accurate measure of  𝑋0. Ultimately this is not a limitation in our method, 

as it simply provides a convenient standard for plotting the gluten concentrations for the 

data that follow. We will discuss shortly how to operate the sensor without the need to 

calibrate it with an ELISA measurement.  

Figure 6.2A shows the device output for a specific example where FG-R was 

functionalized with the gli4 aptamer. In these experiments, the microchannels were filled 
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first with a blank extraction cocktail. A supply voltage of + 0.5 V was input at VDD. The 

input voltage at the control gate was swept from +0.4 V to -0.4 V around a DC-bias. The  

value of the DC bias was tuned for each device to maximize the gain of the differential 

amplifier scheme and is 0.0 V for the example in Figure 6.2A. The output voltage is 

measured at Vout (Figure 6.1C), using a 1 MΩ resistor in series. The black data in Figure 

6.2A show the result of this measurement of a blank sample. These curves vary about zero 

(a) Example of the device response of an FGT functionalized with aptamers and exposed 

to wheat at 0.1 mg/mL. The curves are averaged over 5-10 min of testing. Dose-response 

curves for (b) an aptamer-functionalized FGT, (c) a G12-functionalized FGT and (d) a 

BAb-functionalized EGT when exposed to the wheat (red open triangles), barley (blue 

closed squares), and gluten-free corn (gray diamonds). Error bars are the standard 

deviation for 3 devices. The gluten concentrations on the x-axis of (b)-(d) are given by 

Equation 1 at various dilutions as determined by a GlutenTox® ELISA kit. 

Figure 6.2: FGT Response. 
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with fluctuations of ~25 mV (see Supporting Information). Following this baseline 

measurement, FG-R was exposed to a gluten sample for 30 min. In this experiment, the 

sample was gluten extracted from wheat and diluted to a concentration of 𝐶𝑖
∗ = 0.1 mg/mL. 

The red data in Figure 6.2A show the output of the device when exposed to the gluten 

sample. The displayed curve is constructed by subtracting the output of the reference device 

from the test device each min for 5-10 min and then averaging the resulting curves.  The 

maximum value of the red waveform is the value of Vout; we thus conclude that Vout = 

0.15 V for wheat gluten at 𝐶𝑖
∗ = 0.1 mg/mL using an aptamer-functionalized FGT.  

We repeated these measurements for different gluten sources over several orders of 

magnitude of total protein concentration using two antibodies and a DNA aptamer. For 

each gluten source and binding agent, the FGT response was measured at (i) the limit of 

detection (0.1–1.0 µg/mL); (ii) above the gluten-free limit (10-100 µg/mL); and (iii) a very 

high concentration outside the quantitation regime (≥ 1 mg/mL). As a control experiment, 

we also used corn (non-celiac active) as a gluten-free food sample. Control experiments 

measured signals that would correspond to gluten samples at 3-4 orders of magnitude lower 

concentration.  

The aggregated data are shown in Figure 6.2: aptamers in Figure 6.2B (green 

highlight), wheat antibody (G12) in Figure 6.2C (orange highlight), and barley antibody 

(BAb) in Figure 6.2D (magenta highlight). Each sensor was exposed to two different 

sources of grain:  ground wheat from a local Co-op (red open triangles), and ground barley 

flakes from a local Co-op (blue squares) yielding the six curves shown in Figures 6.2B-D.  

The concentration displayed on the x-axis of Figure 6.2B-D, 𝐶𝑖
∗, corresponds to the value 

we expect to have in the solution based on the gluten content measured by ELISA following 
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Equation 6.1. The gluten samples were detectable below the gluten free limit on at least 

one of the FGT sensors. With the exception of the detection of wheat using the G12 

antibody (Figure 6.2C), we obtained points that appear to be in the quantitative regime of 

each sensor. Rigorously pinpointing these boundaries would require ~5-10x more data, and 

the concomitant technological advancements that will enable the requisite higher 

throughput for both device manufacture and measurement will be a focus of future work. 

6.5 Discussion 

Figure 6.2 makes clear that the value of the measured signal Vout for a given 

capture agent depends on the gluten source. For example, in Figure 6.2C (orange border), 

the wheat antibody elicited the strongest response from wheat and a considerably lower 

response to barley. The opposite trend is observed in Figure 6.2D (magenta border) with 

BAb eliciting a stronger response to barley relative to wheat. These results are expected, 

as these antibodies were developed to best bind a particular gluten source. 

The dependence of the signal on the gluten source can be exploited to source the 

gluten in a sample. In order to execute this task, the measured signals need to be compared 

to a reference material within the quantitation regime of the respective dose-response 

curves. There is no consensus reference material for gluten,297 so we used the PWG gliadin 

in order to discriminate the relative signals of wheat and barley samples.  

Figure 6.3 is the calibration curve with PWG exposed to each FGT 

functionalization at various dissolutions. The x-axis is presented as a protein concentration 

that refers to the concentration of the PWG standard obtained from Equation 6.1 with the 

assumptions that the PWG solid is 100% gluten and completely soluble (𝑋0
𝑃𝑊𝐺 = 1.0, 

𝑓0
𝑃𝑊𝐺 = 1.0). The curves in Figure 6.3 correspond to the different FGT functionalizations 
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(green filled circles for aptamers, orange half-filled circles for G12, and magenta open 

circles for BAb). Note that the latter curves overlap much more than those in Figure 6.2, 

reflecting the utility of using PWG across many gluten binders and the reason why PWG 

has been adopted in many studies as a reference gluten material.  

We can use the data in Figure 6.2 and Figure 6.3 to construct a fingerprint for the 

gluten source based on the measurement disparity between the FGT with functionalization 

i and the concentration 𝐶𝑖
∗ obtained from ELISA and Eq. 6.1. To do so, we assume that we 

know the relevant boundaries of the quantitation regimes for each binder-analyte pair. In 
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Figure 6.3: Calibration Curve. 
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this regime the measurement disparity depends only on the gluten source not the (unknown) 

concentration. The signal Vout from FGT functionalization 𝑖 when exposed to a gluten 

concentration 𝐶𝑖
∗, can be compared to the concentration of PWG, 𝐶ҧ

𝑖, that elicits the same 

signal Vout from FGT functionalization 𝑖. To provide a concrete example, this is indicated 

by the blue line in Figure 6.3 where the Vout that produced a  𝐶𝐴𝑝𝑡
∗  = 15 µg/mL when the 

aptamer-functionalized FGT is exposed to barley gluten (Figure 6.2B) produces a 𝐶ҧ
𝐴𝑝𝑡 = 

3.0 µg/mL for the aptamer-functionalized FGT exposed to PWG. This disparity is 

represented by the ratio 

 𝑅𝑖
𝑠 =  𝐶ҧ

𝑖 /𝐶𝑖
∗ (2) 

where 𝑅 refers to the disparity from FGT functionalization 𝑖 when it exposed to gluten 

from grain source 𝑠. The example in Figure 6.3 yields 𝑅𝐴𝑝𝑡
𝑏𝑎𝑟𝑙𝑒𝑦

=  𝐶ҧ
𝐴𝑝𝑡 /𝐶𝐴𝑝𝑡

∗ = 1/5, 

assuming both 𝐶ҧ
𝐴𝑝𝑡 and 𝐶𝐴𝑝𝑡

∗  lie in the quantitation regime of their respective curves. A 

high value of 𝑅𝑖
𝑠 means the FGT functionalization 𝑖 more strongly prefers the target gluten 

𝑠 relative to the PWG standard because a larger amount of PWG (𝐶ҧ
𝐴𝑝𝑡) is required to elicit 

the same FGT signal as the grain gluten (𝐶𝐴𝑝𝑡
∗ ). 

Figure 6.4 presents the resulting signal disparities  

from Equation 6.2 as a function of FGT functionalization and gluten source, which we can 

interpret as chemical signatures for wheat and barley produced by the FGT sensor.  The 

inset shows the concentration of gluten exposed to the sensors (𝐶𝑖
∗) for the disparity 

calculation and is assumed to reside in the quantitation regime of the sensors (𝐶𝑖
∗ = 1-30 

µg/mL). For clarity, ratios less than one are oriented downwards. With this convention, a 

large up-oriented bar means the FGT functionalization binds more strongly to the gluten 
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source rather than the PWG reference. A down-oriented bar means the FGT 

functionalization binds more strongly to the PWG. The red bars represent the disparities 

from wheat gluten and highlight the preference of G12 and BAb to bind wheat gluten 

relative to the PWG reference while the opposite is true for aptamers. The blue bars 

represent the disparities for barley gluten and highlight the ability of BAb to strongly 

transduce barley gluten relative to the reference PWG while both aptamers and G12 prefer 

the PWG reference.  

The phenomenon in Figure 6.4 arises naturally from the procedures used to 

synthesize the different binders.53,87,279,284 The custom barley antibody (BAb) was extracted 

from an immunogenic response to the very same barley source used in this report. As such, 

it binds much more strongly to the barley gluten relative to the other analytes.87 However, 

The resulting ratios (𝑅𝑖
𝑠) of measured concentration (𝐶𝑖

ഥ ) relative to the initial 

concentration (𝐶𝑖
∗) are presented when the set of FGTs are exposed to wheat gluten (red 

bars) and barley gluten (blue bars). Up-oriented bars represent a stronger preference for 

wheat/barley relative to the PWG standard. The inset lists the initial concentrations (𝐶𝑖
∗) 

used from Figure 6.2. 

Figure 6.4: Gluten Signatures. 
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this strong specificity is expected to be very limited and should not be extrapolated to other 

sources of gluten, even other barley sources of gluten. The G12 functionalized FGT yields 

the strongest response to wheat gluten which also reflects the origin of the binder as a 

product of an immune response to wheat gluten.53 Unlike the BAb, the wheat source for 

G12 was more generalizable resulting in a broader reactivity profile for G12 compared to 

BAb and relatively lower preference for G12 compared to the preference of BAb to barley. 

In isolation, these binder features have their pros and cons but a set of sensors can leverage 

them to simultaneously assess the source and amount of gluten under investigation.291,294  

For routine analysis, using a set of FGTs can improve further the accuracy of gluten 

quantitation by combining the disparities in Figure 6.4 with the raw device responses in 

Figure 6.2 and Figure 6.3. When exposed to an unknown amount of gluten from an 

unknown grain source, 𝐶, the set of FGT sensors will yield three values of 𝐶𝑖
ഥ  that can be 

extracted from the known calibration curves (Figure 6.3). The measured values of 𝐶𝑖
ഥ  can 

be then be equated to 𝐶 with disparities, �̅�𝑖
  = 𝐶𝑖

ഥ /𝐶,  

 𝐶ҧ
𝑖 = �̅�𝑖

 𝐶   for 𝑖 = 1,2, . . . , 𝑛 (6.3) 

Equation 6.3 is valid provided the measured values of 𝐶𝑖
ഥ  are in the quantitation regime. 

This is not a particularly strong restriction, since its satisfaction can be ensured through 

serial dilutions of a high concentration sample. With an unknown value of 𝐶, Equation 6.3 

is underspecified, having 𝑛 independent equations for 𝑛 + 1 unknowns, in effect leaving 

the unknown concentration undefined. In this work we used 𝑛 = 3 but the procedure is 

generalizable to an arbitrary number of FGT functionalizations.  

To estimate the unknown concentration C, as well as the source of gluten, we also 

require a library of 𝑘 reference 𝑅𝑖
𝑠 values, such as what we obtained in Figure 6.4 using k 
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= 2 gluten sources and three FGT functionalizations.  To complete the set of equations, we 

vary C such that the resulting disparities satisfy 

 min ∑(�̅�𝑖
 − 𝑅𝑖

𝑆)
2

𝑖

 
(6.4) 

for each source 𝑠 in the library, yielding 𝑘 estimates for C and residuals from Eq. 6.4 

corresponding to each of those 𝑘 estimates. The source 𝑠 whose minimization yields the 

smallest residual is identified as the source of the gluten, and the corresponding value of C 

from that minimization is the gluten concentration.   

The resulting value of 𝐶 will be more accurate than any of the measured values, 𝐶ҧ
𝑖, 

because it properly accounts for the disparity in measurements due to source-dependent 

gluten chemistry. Additionally, the set of 𝑅𝑖
𝑠 in Figure 6.4 that minimizes the error provides 

strong evidence of the source of the gluten sample which can be useful for identifying the 

cause of an unexpected contamination. Naturally, this approach improves as the size 𝑘 of 

the library increases.  

In food safety applications, choosing an appropriate set of functionalized FGTs can 

minimize both false negatives and false positives. For example, if an unknown sample 

yielded 𝐶ҧ
𝑖 values both above or below the gluten-free limit then the set of �̅�𝑖

  found from 

Equation 6.3 would result in a more accurate measure of concentration 𝐶, that pinpoints it 

in the proper regime. This practice also alleviates the challenge of identifying a proper 

gluten reference material provided the standard used in the FGT kit has previously been 

calibrated using a more accurate proteomic method.297 While we used ELISA as the 

benchmark to produce the data in Figure 6.4, one could use a more sophisticated method 

such as mass spectrometry to produce more reliable data for the library of 𝑅𝑖
𝑠 values. 
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6.6 Conclusions 

In this work, we have leveraged the parallelizability and versatility of FGTs to 

create a set of sensors for gluten detection and sourcing. In the present prototype method, 

the analysis takes ~1.5 h to quantify a raw food sample – a reduction of ~45 min compared 

to commercial, optimized ELISA kits. Further work will compartmentalize the electronics 

equipment and fluidic handling system in order to parallelize the measurement protocols 

to create a fully multiplexed FGT sensor for gluten. In such a device, the time and effort 

required to measure the response at one FGT pixel will be equivalent to the measurement 

of n FGTs. The dose-response curves in Figure 6.2 will be further resolved and the signal 

disparities for other gluten sources (e.g. oats) will be combined to the signatures in Figure 

6.4. The expanded capabilities will advance the analytical capabilities of the food sector 

leading to safer products for the public.291 
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An example of the device response of an FGT functionalized with aptamers and 

exposed to wheat at 0.1 mg/mL, the same case as the device shown in Figure 

6.2A. The gray traces are recorded every minute for 5 min before wheat exposure. 

The black trace is the average of all the gray traces. The gray traces fluctuate 

about the average by ~25 mV. The orange traces are recorded every minute for 5 

min after wheat exposure. The red trace is the average of all the orange traces. 

The orange traces fluctuate about the average by ~30-40 mV. 

Figure S6.1: Individual Traces for Sensor Response. 



110 

 

7. Future Directions 

 Various pathways for continued work are laid out in the final chapter of this thesis. 

They are organized by research topic and research timescale. However, the impact or 

difficulty of the work does not necessarily scale with the timeline of the work. Some 

potential obstacles are identified along with corresponding solutions. Of course, the 

solutions should be considered with only a limited degree of confidence as the path of 

research is incredibly difficult to predict.  

7.1 Advancements in Electronic Performance 

 Gain. The results presented so far exhibit gains on the order of 1-2 with gain 

defined as the measured change in voltage divided by the intrinsic potentiometric 

perturbation due to molecular binding (gain ≅ Δ𝑉/𝛿𝜙).5 Improvements in this sensor 

metric directly translate to lower limits of detection due to an enhanced signal-to-noise 

ratio. This assumption holds provided the noise is not amplified in tandem with the signal 

amplification. For this reason, the improvements of gain need to come as close to the source 

of the signal as possible in contrast to downstream circuitry amplification.  Improvements 

in device gain can be achieved by three independent pathways: improved EGT materials 

and architecture, reduction of parasitic capacitance, improved signal extraction. The results 

of these experiments are independent so that success in each pathway expands the gain 

additively.  

 The most straightforward improvement in gain can be achieved by substituting the 

P3HT semiconducting film with a higher mobility material that conserves the high 

capacitance of the dielectric layer (𝑔𝑎𝑖𝑛 ~ 𝜇𝐶𝑖).
302 Various oxides of Zinc and Indium have 
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demonstrated mobilities approaching 10 cm2/V-s or approximately ten times higher than 

that exhibited for P3HT.303,304 These have also been demonstrated to be compatible with 

the aerosol jet printing technique outlined previously.303 However, the long-term stability 

of these devices under ambient conditions is still subject to research and will likely require 

an encapsulation layer of polystyrene to be usable.305 Additionally, as addressed in the 

introduction, the specific capacitance of the ion-gel depends on the properties of the 

semiconducting film.306 Specifically, whether the gating action is governed by electric 

double layer formation or it exhibits three-dimensional doping. I estimate the gain can be 

improved by a factor of 2-10 by optimization of semiconducting/dielectric materials. 

 Along with material substitution, the device architecture of the FGT strategy can 

converted from a resistor loaded inverter to a complementary inverter outlined in Figure 

7.1. The gain of a resistor loaded inverter is limited by the FGT switching conductivity 

about the constant value of the resistor. In a complementary inverter, the resistor is replaced 

with an EGT with semiconductor polarity opposite of the test FGT (e.g. n-type EGT vs. p-

The incorporation of an inverse polarity transistor will amplify the gain of the 

FGT scheme as outlined in green.  

Figure 7.1: Complementary Inverter. 
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type FGT).303,304 The corresponding perturbation of the FGT is amplified by shifting it out 

of phase with the baseline complementary inverter (before analyte addition). I estimate the 

gain will improve by a factor of 2-5 upon complementary inverter incorporation. The 

addition of a complementary EGT complicates the fabrication procedure and device 

operation but the challenges are certainly surmountable given our previous successes.5 

 Finally, improvements in gain can be achieved by chemical labeling. This strategy 

parallels those used by E-AB sensors by amplifying an intrinsic change in molecular 

properties through an additional chemical that leads to multiplicative changes in the 

relevant property.307 The results presented in Chapter 4 suggest that interfacial charge 

exhibits the strongest sensitivity to device output.4 The strategies followed by E-AB 

sensors suggest the labeling can take place under two mechanisms: the charged label can 

be bound to the analyte before it reaches the sensor surface, or it can be tethered to the 

surface and reconfigured upon analyte binding85,308,309 (See Figure 7.2).  

 The more successful pathway for E-AB sensors is the tethering mechanism and is 

expected to transfer for FGT amplification.84 To appreciate this strategy, note that the 

potentiometric perturbations due to analyte binding are changes between an interface with 

only chemical binders and an interface with chemical binder/target analyte complexes (i.e. 

not simply without and with an analyte). As such, significant amplification could be 

observed if the binding of a target analyte triggered the release of a molecule with opposite 

charge polarity of the target analyte. The proposed scheme is outlined in Figure 7.2 where 

a positively charged chemical is reversibly bound to the specific binder and is released 

when the negatively charged analyte displaces it. The corresponding gain improvements 

are expected to be multiplicative so that a change from +q to -q results in at least a 2-fold 
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improvement in gain relative to a change from 0q to -q. To demonstrate this principle, I 

would suggest utilizing a DNA aptamer as the chemical binder and a negatively charged 

protein as the target analyte. Ruthenium Hexamine (RH) could then be reversibly bound to 

the tethered aptamers before protein exposure and released when they are bound.310 

Potential problems include the diminished binding affinity of the binder when 

amplification labels are complexed (poorer detection limits) and insufficient release of 

labels when the target is bound (leading to no amplification). However, the alternative 

scenario is possible where the addition of positive ions leads to a higher binding affinity 

with the negatively charged analytes.  

Improved manufacturing processes. The promise of printed electronics and 

solution processable materials is their enhanced manufacturing capabilities. Specifically, 

their potential to be fabricated on a cheap, flexible substrate in a continuous process. At 

The left panel shows an electrode surface functionalized with aptameric binders. 

The middle panel shows adsorbed electrochemical molecules that are desorbed 

when the analyte is bound in the right panel. 

 

 

Figure 7.2: Reversible Electrochemical Labeling. 
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present the FGTs are printed in a “semi-batch” process with ~20-30 FGTs manufactured at 

a time. The difficulty to transition this process to a continuous mode rests on the benchtop 

aerosol jet printer. The equipment used in this work is designed primarily for rapid 

prototyping with pronounced manufacturing flexibility (easy to change materials, speeds, 

etc.) at the sacrifice of throughput.115,129 Realizing the full potential of the 

manufacturability promised by printed electronics requires a transition to a high 

throughput, roll-to-roll (R2R) processing line. This requires three improvements presented 

with increasing difficulty: transfer to a flexible substrate, multi-layer registration of EGT 

materials, and continuous manufacturing of the microfluidic system.  

The compatibility of EGT materials with plastic substrates has already been 

demonstrated but the incorporation of microfluidics is less certain. The current methods 

utilize an oxygen plasma treatment to irreversibly bond the PDMS channels to the wafer 

substrate. Transferring this procedure to organic or plastic substrates requires chemical 

functionalizations of substrate/PDMS interfaces with a “chemical glue” such as amine 

and/or carboxylic acid terminated monolayers that for an amide bond upon exposure.299,311  

Multi-layer registration of printed materials is an ongoing challenge in printed 

electronics manufacturing.124,312 The FGT presents stringent requirements on spatial 

resolution with the P3HT film only measuring ~20 µm x 50 µm.5 The Frisbie and Francis 

groups at the University of Minnesota have recently acquired a R2R printing line that has 

manufactured single-layer, single material arrays of resistors embedded in plastic 

(unpublished). Expanding these capabilities to printed FGTs represents a considerable, but 

surmountable challenge for aerosol jet printing with a R2R manufacturing line.  
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An alternative manufacturing strategy involves capillary flow of solution 

processable materials into microfabricated channels embedded into a flexible plastic. The 

technique is termed Self-Aligned Capillary Assisted Lithography for Electronics (SCALE) 

and has demonstrated the fabrication of fully printed devices.313 The principle obstacle to 

transfer SCALE technology to FGT biosensors lies in the active sensor surface. The 

published results utilize monolayers formed on evaporated gold that is approximately 

planar.3,5 However, the electrodes deposited via SCALE result in very rough surfaces of 

silver or copper.313 The successful implementation of FGT biosensors into SCALE requires 

a robust implementation of monolayer formation onto these non-ideal surfaces. Optimistic 

scenarios anticipate little complications when utilizing thiol SAMs on rough electrode 

implemented via SCALE. However, more likely scenarios warrant sophisticated 

construction of tethered chemical binders and a more robust passivation layer to prevent 

non-specific adsorption. Polymer brushes present a promising approach that have versatile 

chemistry for various substrates and profound passivation capabilities.314 

The aerosol jet printing technique is compatible with an R2R manufacturing line. 

A 3D printer could be incorporated downstream to fabricate a complete FGT in 

a continuous process.  

 

Figure 7.3: R2R Manufacturing. 
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Continuous manufacturing of microfluidic channels can be achieved by 

incorporating 3D printing techniques. 3D printers are a very nascent, promising technology 

that is commonly used in prototyping or batch processing.315,316 However, the incorporation 

of 3D printing into a R2R line is far from fundamentally prohibited. 3D printing of 

microfluidic channels has been demonstrated with spatial resolutions that far exceed the 

requirements of FGT biosensors.315–317 Obstacles remain including the compatibility 

between the printed material and the underlying substrate in terms of bonding strength but 

they material flexibility of 3D printers presents many viable candidates such as poly-

ethylene-glycol-diacrylate (PEG-DA).315 As a result, the realization of 3D printed 

microfluidics in a R2R line is a very promising, viable strategy for improved manufacturing 

of FGT biosensors.  

3D electrodes for improved mass transfer. A principle feature FGT biosensors 

and next-generation biosensors are their improved speed or reduced time-to-transduction 

compared to conventional methods.318–320 The current FGT technology minimizes time by 

reducing mass transport limitations to the active surface and bypassing chemical labeling 

steps. However, transport of analytes to the surface remains the dominate fraction of the 

testing time. It scales with the reaction binding constant and concentration of the analyte 

(~1/𝑘𝐶 where 𝑘 ~ 106 M-1s-1 and 𝐶 ~ 10-9
 M resulting in a test of ~0.5 hours).321 

Improvements in this reaction rate can be achieved by increasing the effective area of 

transport by increasing the dimensionality with a 3D electrode as the sensor surface.320 

These improvements are, at a minimum, expected to scale by an exponent of 3/2. A 100 

second test with a planar sensor surface would take ~20 seconds with the increased 
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dimensionality.321 Electrochemical sensors have benefitted from this technique by using 

nanostructured electrodes. 

The fabrication of 3D electrodes is constrained by the microfluidics and presents a 

challenging research problem. The ideal design is depicted in Figure 7.4. and resembles a 

packed-bed reactor with gold nanoparticles packing the microfluidic channel with surfaces 

functionalized with chemical binders.322 Important design parameters include the particle 

size and the void space of the channel. Small void space and the corresponding small 

distance between particles will decrease the transport time to the activated surface.323 

However, small void spaces require substantial pressures to drive flow through them which 

is constrained by the binding strength of the channels to the substrate.321 The improvements 

to the FGT performance would be transformative if the 3D electrodes were incorporated.  

7.2 Expansion to other Biological Problems 

 Whole Cell Detection. The current results represent the successful transduction of 

DNA3 and proteins.5 The expansion to whole cell detection would drastically expand the 

application of FGTs and allow its features to be applied to infection monitoring,324 food 

The planar technology (left panel) will be subjected to gold nanoparticles in solution 

that coalesce onto the FG surface. The resulting suspension of particles form a 3D 

electrode (right panel) that is formed from a technique such as chemical tethering or 

smelting.  

Figure 7.4: 3D Electrodes. 
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microbiology,325 and environmental monitoring.19,326 Next generation sensors for cellular 

detection have been limited and typically target biomarkers of a specific species like Shiga 

toxins.327 The current working model of FGT biosensors suggests that whole cells 

specifically bound to the sensor surface would yield clear, discernable signals. The 

intracellular potential of bacterial cells is ~70 mV due to differences in charge 

concentration inside the cell versus outside.328,329 This is expected to shift the threshold 

voltage of the FGT commensurately. Complications arise from the quantitative relationship 

between (i) the number of cells in solution, (ii) the number of cells bound to the surface, 

and (iii) the resulting signal.328–330 The relationship between the cells in solution and those 

bound on the surface is expected to follow one of a variety of isotherms but in a highly 

(a) shows the microfluidic channel over a functionalized sensor surface. The 

surface can then be exposed to whole cells in solution in the standard FGT format 

in (b). Alternatively, the cells can be immobilized near the surface in (b) and 

extracellular signal can diffuse out and onto the surface in (d) leading to an in-

situ measurement of extracellular signaling. 

Figure 7.5: Cellular Detection. 

(a)  (b)  

(c)  (d)  
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non-ideal fashion due to the formation of biofilms or interactions between neighboring 

surface-bound cells.331,332 Establishing the relationship between the number of bound cells 

and corresponding electronic properties will be an essential aspect of FGT adoption to 

bacteria sensing. Reports suggest the change in properties per bound cell is greater with a 

lower coverage of surface bound cells.329 If this holds for FGTs it would lead to attractively 

low limits of detection when they are applied to cells.  

 In situ Monitoring. The application of FGTs to cellular detection expands beyond 

whole cell quantitation. An electronic method that does not incorporate labeling steps (i.e. 

is label-free) could be used for in situ monitoring of extracellular signaling. In this scheme, 

the microfluidics that deliver the sample to the sensor surface are reconfigured to entrap 

and immobilize cells near the functionalized electrode.333 The immobilized cells will then 

release some signaling molecule (e.g. protein or small molecule) either due to time or due 

to an altercation in the environmental conditions.334 The molecules will then diffuse to the 

active sensor surface leading to a corresponding signal transduction. Monitoring the signal 

as a function of time enables the experimenter to calculate the rate of release of the 

signaling molecules or the local concentration of the molecule near the cell surface. This 

scheme is outlined in Figure 7.5 and would allow for in situ monitoring of cellular signaling 

providing profound insight into cellular dynamics and mechanisms.335  

7.3 New Directions. 

 Faradaic Current Transduction. The present transduction by FGTs relies on 

static changes in potentiometric profiles due to molecular binding. The currents running 

from the gate electrode to the semiconductor are dominated by the capacitive coupling of 
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the electrolyte phases (𝐼 ~ 𝐶
𝑑𝑉

𝑑𝑡
). Enhanced amplification could be achieved if a Faradaic 

current was triggered due to interfacial chemistry altercations. At present, these currents 

are intentionally mitigated by oversizing electrodes to prevent dielectric breakdown.4  

 The tuning of electrode areas can induce significant interfacial potentials at the 

floating-gate electrode/aqueous electrolyte interface. This potential can induce redox 

reactions across the interface provided electrochemically active molecules were 

incorporated into the sensing medium.84,86,318 The effective voltage that induces a faradaic 

current is dependent on the molecular properties and will shift in accordance with analyte 

binding. The general schema is outlined in Figure 7.6 along with a hypothetical output. The 

The left panel shows the response from a conventional FGT that has been resized so 

there is a significant potential drop across the sensor surface. The middle panel shows 

how the potential difference between the aqueous bulk and FG can pin the fermi-level 

or fill interfacial states when a redox active molecule is incorporated. The binding of 

analyte shifts the applied voltage leading to an amplified response. 

Figure 7.6: Redox FGT. 
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faradaic current into the floating gate will manifest as a highly amplified change in 

potentiometric properties.  

 Piezoelectric Signaling. To date, FGTs have been applied as chemical detectors 

for DNA and proteins. Their success is due to the versatility of the transduction mechanism, 

the rapid signal extraction due to label-free sensing, and the ease-of-operation engendered 

by microfluidics. However, the mechanical flexibility of organic electronic materials has 

not been fully utilized in the presented schema. Emerging applications of flexible 

electronics impact fields of robotics and prosthetics with electronic skin (e-skin).336 The 

core technology is a piezoelectric sensor with a mechanical pressure transduced as an 

electronic output.  

 The amplification capabilities of the FGT platform can be applied to e-skin or 

pressure sensing applications by incorporating a piezoelectric material. Materials such as 

The proposed layout of a piezoelectric pressure sensor is presented. The FGT are 

fabricated in the conventional, side-gated architecture (left, Top-View). The 

underside of the floating-gate is interfaced with a piezoelectric film (middle, bottom-

view). These FGTs make up an array on a flexible substrate that can be used in e-skin 

applications (right).  

Figure 7.7: Piezoelectric FGT Array. 
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PVDF have demonstrated clear piezoelectric properties due to the oriented dipoles in a 

semi-crystalline film.337 A pressure shifts this dipole orientation and manifests as a change 

in voltage across the film.337 A film of piezoelectric material can be incorporated onto the 

floating-gate leading to induced voltage shifts in the coupled FGT. Figure 7.7 outlines a 

proposed schematic that exploits the mechanical and geometric flexibility of organic 

electronics. The piezoelectric film can be fabricated on the “back-side” of an FGT array 

onto a flexible substrate. The resulting e-skin represents a large-area array of spatially 

resolved pressure sensors that can be applied in various prosthetic or robotics applications.  
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